Material Engineering for Monolithic Semiconductor Mode-Locked Lasers by Kulkova, Irina
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 20, 2017
Material Engineering for Monolithic Semiconductor Mode-Locked Lasers
Kulkova, Irina; Yvind, Kresten; Semenova, Elizaveta; Larsson, David
Publication date:
2014
Document Version
Peer reviewed version
Link back to DTU Orbit
Citation (APA):
Kulkova, I., Yvind, K., Semenova, E., & Larsson, D. (2014). Material Engineering for Monolithic Semiconductor
Mode-Locked Lasers. Technical University of Denmark (DTU).
   
 
 
 
 
 
 
 
Material Engineering for Monolithic 
Semiconductor Mode-Locked Lasers 
 
by 
 
Irina V. Kulkova 
 
 
 
DISSERTATION 
 
Submitted in partial fulfilment of the Requirements for the degree of 
Doctor of Philosophy 
 
 
Main supervisor: Kresten Yvind 
Co-supervisor: Elizaveta S. Semenova 
Co-supervisor: David Larsson 
 
 
 
 
 
DTU Fotonik –  Department of Photonics Engineering 
Technical University of Denmark 
2800 Kgs. Lyngby, Denmark 
 
 
August 2014 
   
 ii  
 
This dissertation is dedicated to  
Professor Dr. Aleksandr Nikolaevich Pihtin 
who celebrated his 75
th
 birthday this year 
For the love of light… 
 iii  
 
Abstract 
This thesis is devoted to the materials engineering for semiconductor monolithic passively mode-
locked lasers (MLLs) as a compact energy-efficient source of ultrashort optical pulses. Up to the 
present day, the achievement of low-noise sub-picosecond pulse generation has remained a challenge. 
This work has considered the role of the combined ultrafast gain and absorption dynamics in MLLs as 
a main factor limiting laser performance. An independent optimization of MLL amplifier and 
saturable absorber active materials was performed. Two promising approaches were considered: 
quantum dot (QD) or single quantum well (QW) amplifier in tandem with a fast multi-QW 
electroabsorption modulator (EAM) based on the InP/AlGaInAs/InGaAsP platform for operation in 
the 1.55 μm telecommunications range.  
A butt-joint MOVPE regrowth technique was established for monolithic integration showing high 
crystalline quality and low internal reflection compatible with the severe requirements of monolithic 
MLLs. Experimental characterization of static material parameters of the fabricated devices revealed 
QW-like gain behavior of a self-assembled InAs/InP QD material and low internal efficiency which 
limited its application in MLLs. Improved QW laser performance was demonstrated using the 
asymmetric barrier layer approach. The analysis of the gain characteristics showed that the high 
population inversion beneficial for noise reduction cannot be achieved for 10 GHz QW MLLs and 
would have required lowering the modal gain or utilizing an extended cavity design. The offset QW 
design was introduced. The performance of 10 GHz passively MLLs consisting of integrated QW gain 
section with MQW EAM was demonstrated to allow for 890 fs pulse generation with reduced timing 
jitter compared to non-integrated QW MLLs owing to the fast EAM recovery. 
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Danish Resumé 
Denne afhandling omhandler halvleder materialeteknologi for selvkørende kortpulslasere, der er 
kompakte og energieffektive kilder til meget korte optiske pulser. Opnåelse af støjsvage sub-
picosekund pulser er en udfordring. I dette arbejde er indflydelsen af den kombinerede ultrahurtige 
dynamik fra forstærker og absorber materialerne, som primær begrænsende faktor i pulsgenereringen, 
gransket. En uafhængig optimering af forstærker og absorber sektion er gjort og to lovende retninger 
undersøgt: Kvantepunkter (QD) eller en enkelt kvantebrønd (QW) som forstærkermateriale 
sammensat med en multikvantebrønds (MQW) elektroabsorptionsmodulator i 
InP/AlGaInAs/InGaAsP materialesystemet for anvendelse omkring telekommunikationsstandarden 
1550 nm. 
En stødsamling MOVPE gendyrkningsproces blev etableret til monolitisk integration af forskellige 
materialer med god krystalkvalitet og lav intern refleksion, hvilket er påkrævet ved brug i 
kortpulslasere. De statiske materialeparametre blev karakteriseret eksperimentelt og 
kvantebrøndslignende forstærkningsegenskaber blev fundet for selvorganiserede InAs/InP QDs med 
lav intern effektivitet, hvilket begrænsede deres anvendelse i kortpulslaserne.  Forbedret kvantebrønds 
ydelse blev demonstreret ved brug af asymmetriske barrierer. Analyse af 
forstærkningskarakteristikken viste dog at høj populations inversion, hvilket er fordelagtigt for 
støjreduktion, ikke kan opnås for standard 10GHz QW lasere og nedsættelse af mode-forstærkningen 
eller en delvis passiv bølgeleder ville være nødvendig for forbedring med denne struktur. Et ikke-
centreret design blev testet i denne forbindelse. Ydelsen af 10GHz selvkørende kortpulslasere med 
QW forstærker sektion og MQW absorber blev demonstreret med 890fs pulser og reduceret tidsjitter 
sammenlignet med ikke-integreret QW lasere, hvilket tilskrives et hurtigere absorber respons.  
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Chapter 1 
Introduction 
A continually-increasing number of Internet consumers all over the world and rapid boost in visual 
networking during the last years continuously raises demands on high-speed and energy-efficient 
optical transmission systems [1]. Figure 1.1 shows the Cisco
®
 Visual Networking Index (VNI) 
Forecast predicting a three-fold increase in the global traffic usage over the next five years (2013-
2018) [2]. This demand accelerates the development of new data network architectures, digital 
processing (coding) and signal multiplexing formats to exploit ultimately the available bandwidth of 
an optical fiber
1
 or, alternatively, to utilize the capacity of multi-core fibers (see e.g. in [3]–[5]). 
 
Figure 1.1: The Cisco® VNI forecast on the global Internet Protocol (IP) traffic growth for various 
network applications in 2013 - 2018 estimated in exabytes (EB) per month [2]. EB = Exabyte (109 
GB). 
To date, the modulation of a single data channel is limited by the electronics’ capabilities to 
around 10 - 40 GHz,  known as electronic speed bottleneck [6]. In order to increase transmission 
speed, optical channels can be combined into one data stream transmitted through the fiber by 
division of the signal in time, wavelength, polarization and quadrature. The most established 
platforms are based either on modulation of individual channels associated with particular wavelength 
bands in parallel (Wavelength Division Multiplexing (WDM)), or multiplexing of interleaved by a 
fixed time delay low bit rate signals into a high bit rate stream (Optical Time Division Multiplexing 
                                                     
1
 ~ 120 nm window in the 1.55 μm spectral range (C-band). However the bandwidth of a conventional Erbium 
Doped Fiber Amplifier (EDFA) is limited to ~ 30 nm (1.53 – 1.56 μm). 
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(OTDM)). Commonly system performance in terms of capacity, flexibility, complexity and cost is 
determined by state of modern technology in a component base. The following discussion will be led 
in the context of light sources as one of the main elements of any optical transmission system.  
In WDM, state-of-the-art Vertical Cavity Surface-Emitting Laser (VCSEL) platform allows for 
direct modulation of a single channel up to ~ 30 GHz in the 850 nm wavelength band favorable for 
optical interconnects and, is expected, to deliver data rates above 50 Gbit/s (by means of on-off 
keying) in the future [7]–[9]. 25 Gbit/s rate was achieved in the 1.55 µm wavelength range of main 
interest for long haul transmission with ~ 10 GHz modulation speed  [10]. VCSEL arrays can be used 
as a multi-wavelength source to increase a bit rate, however the problem of scalability can be 
expectable in the future [11]. The more advanced Orthogonal Frequency Division Multiplexing 
(OFDM) technique has a similar principle, but offers higher spectral efficiency when using the 
orthogonality property to demultiplex overlapped in frequency bands (subcarriers) without 
deterioration from interference [12]. Recently, 26 Tbit/s data transmission and processing was 
demonstrated using all-optical fast Fourier transform scheme [13]. 
In case of an OTDM system, as illustrated in Figure 1.2, the return-to-zero signal (desirable for 
long-haul networking) can be represented by a train of pulses emitted from a single source and 
modulated with base frequency (B) available for electrical data processing. The number of channels 
(N) and consequently, the highest achievable transmission speed (N*B) is determined by the pulse 
width, which has to be smaller than the interleaved time slot B
-1
. The pulse shape, background noise 
and timing instability lead to detrimental crosstalk, and therefore increase the error detection 
probability or bit-error-rate (BER). Recently, OTDM symbol rate reached 1.28 Tbaud per polarization 
[14], which was employed to transmit 10.2 Tbit/s data streams over 29 km single fiber line using 16 
Quadrature Amplitude Modulation [15].  
 
Figure 1.2: A schematic of an OTDM transmission system. Possible applications of a pulsed source 
are indicated using green box outlines. 
A source of ultrashort optical pulses is an essential element of the ODTM transmitter, and 
moreover, can be utilized to perform data demultiplexing in the receiver prior detection. In order to 
synchronize a demultiplexing switch gate to the incoming signal, the base rate frequency has to be 
restored. This function is assigned to clock recovery which can be accomplished in different ways, 
e.g. using phase-locked loops [16] or in all-optical schemes [17]. Both approaches require pulse 
generation of high temporal stability. In addition, the pulse source can be used for re-amplification, 
reshaping and retiming (3R) of a noisy signal propagating through long dispersive and lossy optical 
fiber links [18].  
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Another promising application of ultrashort pulse sources is related to its wide optical spectrum 
consisting of equally-spaced phase-matched modes. These comb generators can be considered as a 
low-cost counterpart of VCSEL arrays in WDM and OFDM systems (e.g. [19]), and can be used in a 
hybrid WDM - OTDM platform [20], [21]. Furthermore, pulsed lasers are suitable for integrated data 
en/decoding schemes in the emerging Optical Code Division Multiple Access (OCDMA) technology 
[22], [23]. 
One of the most impressive results achieved so far using a single laser source (a 10 GHz  solid-
state MLL) is record 43 Tbit/s transmission at 1.55 µm over 67.4 km reported in [24]. The principle 
diagram of the experimental setup is shown in Figure 1.3. The system is utilized all five degrees-of-
freedom of signal multiplexing mentioned above: wavelength (WDM), time (OTDM), polarization 
(Polarization-Division Multiplexing), quadrature (Quadrature Phase Shift Keying (QPSK)) and space 
(Space Division Multiplexing in a multicore fiber). The implementation of a MLL pulse source brings 
together the demanding broad optical spectrum, short pulse, polarization and phase control at once.  
 
Figure 1.3: A principle diagram of the 43 Tbit/s transmission system using a single 10 GHz MLL 
based on combined space-, wavelength-, time-, polarization- and quadrature modulation [24]. 
Reprinted from [25].    
Beside telecommunication applications, pulse laser sources are attracting considerable attention for 
time-resolved measurements e.g. optical sampling of an optical waveform [26]–[28], studying of 
nonlinear dynamic effects [26]–[28] and for the realization of analog-to-digital converters [29]. A 
maximum temporal resolution is limited by timing pulse fluctuation. The maximum timing jitter value 
is estimated to be around few tens fs [30]. Other prospective directions are energy-effective high-
speed chip-to-chip optical interconnections [31], terahertz generation [32], optical coherence 
tomography and bio-imaging for medical diagnostics (see e.g. [33], [34]), and other.  
1.1  Semiconductor Mode-Locked Lasers for OTDM Systems 
In spite of the promising results, potential flexibility and cost-efficiency, commercial realization of 
OTDM has been restricted by a number of technological reasons, and in large measure, due to the 
feasibility of a compact transmitter pulse source. Semiconductor based lasers are an extremely 
attractive candidate as a highly-efficient, directly electrically-driven, compact, robust, compatible 
with electronic-photonic integrated circuits and cheap (by means of mass production) solution. Pulse 
generation can be obtained by a number of techniques, such as gain- or Q- switching, and in most 
cases referred to mode-locking.  
The basic idea of mode-locking lies in introduction of coherence between the adjacent laser cavity 
modes (or "locking" them in phase) by modulating cavity losses or gain at the fundamental frequency 
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(the mode spacing). In this case, oscillating in phase modes experience constructive interference as 
shown in Figure 1.4, which results in a periodic pulse train generation at a frequency given by 
   
  
  
 
 
    
  (1.1) 
for a linear cavity of the length L, where vg is the group velocity equal to the speed of light   divided 
by the group refractive index ng. Using small-size monolithic Mode-Locked Laser (MLL) diodes, high 
pulse repetition rates up to hundreds GHz [35] can be obtain. 
 
Figure 1.4: Illustration of light emission via multiple cavity modes amplified by a gain medium (a) 
in case of random phase between the modes (continuous-wave regime) and phase-matching (b). 
The ultimately attained pulse duration is determined by the number of locked modes, which 
defines by the finite gain bandwidth of an active medium as shown in Figure 1.4 (a). The product of 
the spectral    and temporal    width of the pulse of a certain shape is a constant value called the 
time-bandwidth product (TBP): 
 
            
  
  
   
 
 (1.2) 
The TBP parameter is often applied to quantify the quality of the pulse, and commonly serves as a 
figure-of-merit for MLL. Depends on the temporal pulse shape commonly described by a Gaussian, a 
hyperbolic secans (sech2) or a Lorentzian function, the TBP product takes its minimum value for 
Fourier-transform-limited pulses of 0.441, 0.315 or 0.142, respectively. Considering the bandwidth of 
30-50 nm available in semiconductors, the lower theoretical limit for a pulsewidth is predicted to be in 
order of 100 fs [36]. 
A basic two-section monolithic semiconductor MLL diode is presented in Figure 1.5. The laser 
cavity is formed by crystal facets and contains of electrically separated gain (can be referred to as 
semiconductor optical amplifier (SOA)) and saturable absorber (SA) sections. Typically, a single 
active material is used. A forward biased section provides light amplification, while absorption is 
generated by applying reverse bias. 
Mode-locking can be realized by direct modulation applying a periodic (sinusoidal or δ-peak) 
electrical signal to the driven element, or in an indirect self-established free-running way with the 
assistance of an intensity dependent loss component, so called a saturable absorber (SA), embedded in 
the laser cavity [37]–[39]. The first schema is referred to active mode-locking and the second one is 
passive. Passive mode-locking allows for achieving significantly shorter pulses since pulse formation 
is based on ultrafast gain and loss dynamics, rather than on the relatively slow driven oscillator in 
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Figure 1.5: A schematic diagram of a two-section monolithic MLL diode (b); cross-sectional (a) 
and top-view (c) images of a processed device. 
active mode-locking as will be discussed further in the following Chapter 2. The combination of 
active and passive techniques, namely hybrid mode-locking, makes passive MLLs more stable to 
timing jitter at a fixed frequency [40], controlled by external modulator. Moreover, it gives the 
possibility to synchronize the MLL output signal with the electronics, which is of great interest to data 
transmission and signal-processing systems along with the other benefits mentioned above.  
Mode-locking from semiconductor lasers can be also achieved in a single-section configuration 
using Quantum Dot (QDs) or Quantum Dashes (QDashes) active media [41], [42]. Phase locking 
between the cavity modes in this case can be established as a result of nonlinear optical effects such as 
four-wave-mixing (FWM) enhanced in QD and QDashes amplifiers. Typically observed highly 
chirped output signal requires a proper dispersion compensation element (e.g. a single mode fiber) to 
achieve pulse generation. The need of external components limits the flexibility, however, potential 
applicability of an integrated Distributed Bragg reflector was recently demonstrated in [43].    
The work presented in this thesis is concerned with the development of monolithic MLL diodes in 
particular for optical sampling and high-speed OTDM systems operating in the 1.55 µm range. A 
pulse repetition rate of interest is 9.953 GHz defined by the existing modulation standard (STM64), 
and 39.813 GHz expected to be utilized in the future. The emission wavelength can be designed using 
compound semiconductor materials and epitaxial crystal growth, while the repetition frequency 
corresponds to cavity length of a few millimeters (Eq. (1.1)) easily attainable in monolithic MLLs. 
Fine tuning can be performed e.g. by using thermal effect or carrier-density dependent refractive 
index change in additionally integrated passive section [44].  
Minimum requirements imposed on pulse properties depicted in Figure 1.6 appropriate for OTDM 
transmission can be described as following:  
 Sub-picosecond pulse duration 
As stated above, the maximal number of multiplexed channels is limited by the pulse width. In 
order to avoid coherent superposition between the pulses, a Full Width at Half Maximum (FWHM) of 
a pulse should be at least half of the time slot for an ideal (transform limited) Gaussian or sech
2
 pulse. 
In practice, a tolerable time slot is constrained to be 3 – 5 times longer than the pulse duration to 
obtain a low BER. To take concrete examples: for transmission at 160 Gbit/s (4 x 40 Gbit/s) a pulse 
width of 6.25 ps is needed, while 1280 Gbit/s (32 x 40 Gbit/s) lines require 0.78 ps pulses. 
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Figure 1.6: (a) Properties of a pulse train in time domain and (b) corresponding radio-frequency 
(RF) electrical spectrum (P0 and PSSB are the power at the carrier frequency and single-sideband 
(offset) frequency, respectively). 
 High pulse tail extinction ratio  
The appearance of trailing pulses and background component (pulse pedestal) leads to a high 
probability of signal detection error in the receiver due to interference with adjacent pulses. Therefore, 
a high pulse tail extinction ratio (PTER), which equals to the ratio between the peak pulse power and 
background level is needed. Consequently, a high average power is desirable. Simulation results for 
40 Gb/s modulation base rate show the required PTER of 27 and 41 dB for transmission at 160 and 
1280 Gbit/s speed, respectively, with 1 dB power penalty [45]. 
 Low timing and amplitude noise 
The high temporal and amplitude stability of pulse sources both in the transceiver and the clock 
recovery circuit is critical to guarantee a low BER < 10
-9
. The arrival time variation of 1/12 the 
switching window of the demultiplexer is desirable (for a pulse width of 1/5 the time slot) [46]. For 
example, transmission at 160 Gbit/s and 1280 Gbit/s requires the jitter less than 500 fs and 65 fs, 
respectively.  
In-depth review of the application of semiconductor MLLs in in high-speed communication 
systems, characterization of MLL properties and its influence on OTDM performance is given in [47]. 
1.2  State-of-the-Art Monolithic Mode-Locked Lasers 
Since the first demonstration of pulse generation from semiconductor lasers in 1978 [48], pulse 
width has been reduced from ~ 30 ps to a few picosecond using traditional Quantum Well (QW) gain 
medium (Figure 1.6) [49], which is much larger than the fundamental limit. Compared to diode-
pumped fiber and solid-state MLLs, for example, used in high-speed OTDM transmission 
experiments in [24], semiconductor MLLs, especially passive ones [40], suffer from pulse instabilities 
and high noise, spectra chirp and pulse asymmetry, and exhibit moderate output power (typically ≤ 1 
mW), which are attributed mainly to the gain saturation and ultrafast gain dynamics. Pulse noise can 
be reduced by incorporation of narrowing ﬁlters, such as distributed Bragg reflectors (DBR) [50], 
however it limits the minimum pulse width. The Fourier transform limited pulses were experimentally 
obtained using DBR filtering and dispersion compensation. However, in most experiments the pulse 
width does not get over the picosecond range for QW MLLs as shown in Figure 1.7 [24].  
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Figure 1.7: Optimum pulse width for QW monolithic mode-locked lasers operating at 1.5µm 
wavelength. Reprinted from [49]. 
Further development has been devoted to theoretical and experimental search of a proper laser 
active media and operation conditions utilizing better understanding of the role of ultrafast dynamics 
in MLLs (e.g. [51], [49], [52]). Commonly, studies show an increase of timing jitter with reducing 
pulse width. 2.8 ps pulse generation from 40 GHz QW hybrid MLLs with low timing jitter down to 73 
fs (integrated over a 10 kHz  - 320 MHz frequency range. For illustration see Figure 1.6 (b)) was 
demonstrated in [53]; 860 fs pulses with a low RF linewidth of 30 kHz from 20 GHz QW MLLs with 
was reported in [54]. Other approaches have involved the realization of intracavity dispersion 
compensation elements [55] or optimization of saturable absorber properties, e.g. using a 
monolithically integrated ultrafast Uni-Travelling Carrier photodiode [56]. However, unstable laser 
performance was demonstrated. 
Significant improvements have been achieved in conjunction with advances in the fabrication of 
low dimension quantum structures over past years, namely QDs and elongated QDashes. Owing to the 
unique properties of QD material attributed to the modified (ideally δ-function-like) density of states, 
the reduced threshold current density and lower temperature sensitivity, low spontaneous emission 
noise, line width enhancement factor and unsaturated gain value compared to QW were predicted and 
experimentally proved [57]–[59]. Pulse width reduction down to 360 fs using flared waveguide 
configuration [60] was demonstrated in 1.1 - 1.3 µm range (GaAs-based QDs). A record low timing 
jitter of 124 fs (4 - 80 MHz) was shown for 10 GHz QD MLLs compared to 570 fs QW passively 
MLLs of similar configuration [61], [62]. The RF line width was reduced down to 1 kHz for QDs 
MLL.  
The results for 1.55 µm QD/QDash-based MLLs have been rather moderate due the technological 
aspects of QD growth on InP and less conducive optical properties attributed to long-wavelength 
devices, which will be discussed in detail in the following. Thus, QD/QDash lasers typically exhibit 
much higher threshold current density in order of kA/cm
2
 [63]. For comparison, the record-low 
threshold current density for 1.59 µm QDs reached 190 A/cm2 at room temperature [64] against ~ 20 
A/cm
2
 demonstrated for 1.3 µm QD [65]–[67]. Similar to QW MLLs, the pulse width is retained in 
the picosecond range while the noise and temperature performance has been improved [68]–[71]. 
The application of monolithic cavity semiconductor mode-locked lasers in high-speed OTDM 
systems for the realization of both data transmitter and receiver parts is highly attractive for 
commercial prospects. However, in order to fulfill the conditions on pulse quality and replace solid 
state MLLs lasers further research and development are required.  
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1.3  Objectives and Structure of this Thesis 
The object of this work has been to extend performance of semiconductor monolithic MLLs 
toward low timing-jitter sub-picosecond pulse generation in the 1.55 µm range with 10 GHz pulse 
repetition rate for application in optical sampling and OTDM or hybrid data transmission systems. A 
key approach has been based on independent optimization of the active medium of the laser 
component, amplifier and absorber, to deliver ultimate device operation in combination. Both InP-
based QW and QD materials were under investigation. As the main technology platform, butt-joint 
metalorganic vapour phase epitaxy (MOVPE) has been employed for monolithic integration.  
This thesis is divided into four main parts excluding Introduction, Conclusion and two appendices. 
In the following Chapter 2, a basic description of passive mode-locking and a pulse shaping 
mechanism in semiconductor lasers is given. A thorough consideration of dynamic properties in 
semiconductor, conditions for stable mode-locking and factors limiting the pulse width reduction 
beyond the one picosecond range are summarized. The main criteria for the design of gain and 
absorber active media are applied for evaluation of QD and QW materials. The advantages of QD or 
highly inverted single QW laser amplifiers for achieving short and low noise operation are outlined.  
  Chapter 3 moves the theoretical consideration toward the practical realization involving the 
optimization of active material and a separate confinement heterostructure (SCH) of the amplifier and 
the absorber independently. The InGaAsP/AlGaInAs/InP material system is considered for the band-
gap engineering to achieve laser operation in the 1.55 µm wavelength range of interest. An 
asymmetric barrier layer single QW gain material with an asymmetric separate confinement 
heterostructure is shown to be compared favorably with a conventional (symmetric) InGaAsP-based 
QW amplifier using simplified modeling of static properties. Shallow MQWs embedded into cladding 
layers with a stepped energy bandgap profile are proposed for a fast saturable absorber. A brief 
overview of alternative materials and epitaxial structures is given along the discussion.  
Chapter 4 deals with the technological aspects of the fabrication of the designed monolithically 
integrated MLLs. First, metalorganic vapour phase epitaxy (MOVPE) used for growth and integration 
is briefly introduced. Due to the high interest in utilization of QD potential for low-noise MLLs, the 
detailed description of challenges and achieved progress in growth of 1.55 µm emitting QDs are 
presented. The following discussion concerns issues related to MOVPE butt-joint regrowth employed 
for the integration of the laser section. The performed process development is supported by the 
investigation of crystalline and optical properties at the regrowth interface. In the end, an overview of 
the processing flow used for device fabrication is presented. 
Chapter 5 is devoted to the experimental characterization of intrinsic properties of the fabricated 
material such as gain and absorption spectra, internal losses. Static lasing properties including 
temperature stability are evaluated using Fabry-Perot lasers. Special attention is placed upon the 
investigation of a butt-joint interface quality between the integrated sections (reflection, optical and 
carrier losses) as it has significant influence on MLL performance. Thereafter, measurement results 
are analyzed to estimate the operation range for 10 GHz passively MLL consisting of various 
integrated structures following the criteria outlined in Chapter 2. Finally, the performance of 
integrated MLLs based on QW gain section and MQW saturable absorber is demonstrated. The 
problems faced in achieving the desirable laser functionality for integrated QD and QW MLLs are 
discussed.
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Chapter 2  
Theory of Semiconductor Mode-Locked 
Lasers 
This chapter covers the theory of passive mode-locking in semiconductors with an emphasis on 
ultrafast dynamics, which determine the pulse formation mechanism. The necessary conditions for 
stable mode-locking are provided. Since the project is aimed to achieve sub-picosecond pulse 
generation with sufficiently low noise component, the role of ultrafast gain dynamics responsible for 
the pulse broadening and instabilities are described. In the following, the main design criteria are 
presented and discussed for QD and QW semiconductor systems. The consideration leads to the 
conclusion of the need of independent optimization of the gain and absorber structures to achieve the 
desirable device performance. The QD active medium is shown to be the most promising candidate for 
a laser gain section, however, actual properties and hence performance can vary significantly 
depending on the parameters of a particular QD system. A highly inverted single QW is considered as 
a good alternative. A shallow multi-QW-based electro- absorption modulator is proposed to perform the 
function of a fast saturable absorber while giving flexibility in device geometry and operation 
conditions. 
2.1  Passive Mode-Locking in Semiconductor Lasers 
Generation of ultrashort pulses in mode-locked lasers is a phenomenon that can be described by a 
constructive interference between the cavity modes matched in phase with the assistance of gain or 
absorption modulation. The electric field of the output light composed of N modes, where the n-mode 
described by the amplitude   , angular frequency    and phase   , can be presented as a sum of the 
modes  
       ∑   
         
 
    (2.1) 
resulting in the total output intensity I nearly constant in time (continuous-wave (CW) regime): 
       
       (2.2) 
When the optical modes circulating within the cavity experience amplitude modulation at a frequency 
equal to cavity mode spacing      
   
  
 or its harmonic (Eq. 1.1), the modulator impairs sidebands 
to each mode whose frequencies coincide with its neighboring modes. This process leads to 
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transferring energy from the central mode to the spectral wings and locking the modes in phase [72]. 
Then, if             and          , the electric field can be written as 
 
        
          ∑       
 
    
         
    
    
  
    
   
  
  (2.3) 
so that the intensity is a periodic function of time with a cycle frequency inversely proportional to the 
cavity roundtrip time: 
 
         
    
  
    
  
     
   
  
     
  
 
       
  
    
  (2.4) 
In time domain, the process can be understood from Figure 2.1, which illustrates combined 
average gain and losses dynamics for the active (a) and passive (b) mode-locking case. Due to 
periodic modulation, the net gain is positive once per round trip allowing for propagation and 
amplification of the light pulses of a finite time duration. Sinusoidal amplitude modulation driven by 
an external oscillator in active mode-locking becomes less effective for pulse shaping with reducing 
pulsewidth. This results in longer achievable pulses compared to passive mode-locking with a steeper 
and narrower net gain opening as shown in Figure 2.1. Reducing the modulation depth in turn leads to 
a smaller number of the mode locked in phase. Therefore, the generation of ultrashort pulses is 
generally associated with the passive mode-locking technique. 
 
Figure 2.1: Schematic representation of the combined average gain and losses dynamics in case of 
(a) active and (b) passive mode-locking. The net gain and losses integrated over a round trip are 
shown as a function of time referenced to the pulse peak power [73].  
The detailed theoretical treatment of the mode-locking process was described in the lumped 
element theory of Haus, in particular for the case of a slow saturable absorber of interest for 
semiconductor MLLs in [73], [74]. Further, the lumped-element and fully distributed time-domain 
theory or a travelling wave model were elaborated, which can be found in reviews [38], [51] and 
handbooks, e.g. [75]. Modeling of the mode-locking process is a powerful tool for understanding and 
predicting laser performance, however, was beyond the scope of this work, and thereby only 
qualitative description will be presented. 
Passive mode-locking established in a self-running manner relies on nonlinear intensity-dependent 
light transmission provided by a saturable absorber incorporated into the laser cavity. In case of a 
semiconductor absorber, a large amount of carriers is generated during propagation of intense pulse, 
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and a significant filling of the active states can occur. This effect is known as spectral hole burning 
(SHB). As a result, further optical transitions turn out to be inhibited, and the absorption strength 
rapidly decreases. The bleached absorber transmits the light without significant changes. Subsequent 
carrier redistribution and thermalization recovers the absorption. That way, the net gain window is 
created. Likewise, a gain saturation behavior exhibits at high optical power associated with the 
depletion of the carriers available for stimulated emission and enhanced by instantaneous two-photon 
absorption (TPA) followed by gain recovery (schematic diagram of TPA can be found in Figure 2.5 
(a)). The gain and absorption time evolution after transmission of a strong pulse is schematically 
illustrated in Figure 2.2. Typically, semiconductor passive MLLs operate at strong absorption 
saturation Δα and moderate gain saturation Δg as depicted in Figure 2.1 (b). 
(a) 
  
Figure 2.2: (a) Schematic illustrations of the gain and absorption saturation and recovery 
processes caused by pulse propagation associated with (b) ultrafast carrier density perturbation. 
CH – carrier heating, CC - carrier-carrier scattering. 
The gain and absorption recovery times reflect the ultrafast carrier distribution response on the 
perturbations caused by the transmitted pulse. Figure 2.2 (b) shows the temporal evolution the carrier 
density for a bulk semiconductor amplifier. By definition, spectral hole "burning" means the 
modification of the system from a steady-state condition with Fermi-Dirac carrier distribution to the 
non-equilibrium. This unstable condition is rapidly solved by energy exchange between the carriers or 
carrier - phonon interaction. The fast carrier-carrier (CC) scattering recover the spectral "hole" in a 
time scale of 50-200 fs. However, the resulting carrier distribution is characterized by an elevated 
temperature with the lattice. Hot carriers are thermalized by phonon-carrier scattering which takes 
longer time up to 1 ps. Gain recovery is accomplished with the final carrier refeeding by carrier 
injection in a (0.1-1) ns timescale determined by the carrier transition time across the cladding layers 
and the external circuit characteristics. The absorption recovery due to spontaneous emission is about 
1 ns, which is not sufficient for mode-locking. Hence, the fast absorption recovery (tens ps) is 
typically achieved by the carrier sweep out process via thermoionic emission under reverse biasing. 
The absorber recovery time trec,abs in semiconductor MLLs can be longer than the pulse duration tpulse 
[76]. In this respect, the pulse formation is referred to passive mode-locking with a slow saturable 
absorber mentioned above.  
The pulse formation mechanism in passive MLLs starts when high intensity fluctuations or 
spontaneous emission spikes oscillating in the cavity can bleach the absorber and be partially 
transmitted, while the gain section continuously amplifies the light and makes the strongest spikes 
even more pronounced. This selection process takes several tens - hundreds round trips until the 
single pulse within the round trip can be supported. Further evolution of the pulse includes attenuation 
of the low intensity leading edge by the saturable absorber resulting in pulse shortening. The trailing 
part remains almost unchanged since trec,sat > tpulse. This yields to asymmetric pulse shaping with steep 
(b) 
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leading part and a slowly decay tail. At the same time, the absorber shifts the pulse spectrum towards 
the shorter wavelengths since an increase in the losses should be compensated by the gain. The 
amplifier continuously increases the pulse peak intensity and, when the energy of the pulse is enough 
to saturate the gain (typically tenths of pJ), the pulse narrowing performed by the absorber is 
compensated by broadening in the amplifier [77]. In practice, the effective pulse shaping breaks 
typically when the pulse duration reaches a value of around one picosecond. The main reason is an 
increased influence of intracavity dispersion arisen from the ultrafast nonlinear effects during gain 
suppression and recovery, which will discussed in detail in Section 2.3. 
2.2  Mode-Locking Conditions 
Saturation Energy 
The given simplified description of the pulse build-in process requires the absorber being saturated 
at lower energies of the optical field than the gain [38]. High gain saturation energy is required to 
avoid strong gain damping and achieve high pulse intensities. The simulation provided in [78] 
suggests that Fourier-transform limited pulse generation requires the ratio between the saturation 
energies of the gain and SA sections               large than 6, where the saturation energy can 
by defined as 
 
     
   
 
  
  
    (2.5) 
where    is the photon energy, N is the carrier density, A is the optical mode cross-sectional area,   is                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
the confinement factor and   
  
  
 is the differential gain (or absorption). In QWs, the carrier – 
dependent material gain can be expressed using a logarithmic function as following 
 
      
 
   
  (2.6)  
where     is the transparency current density and    represents the linear gain coefficient g0 [79]. For 
QDs to describe gain saturation the dependence can be written as [80] 
 
           [      
     
 
 ]       (2.7) 
where      is the peak modal gain and b is a fitting parameter.  
Due to the modified density of states (DOS) in low-dimensional quantum confined 
heterostructures illustrated in Figure 2.3 (a), the differential gain decreases faster with increasing 
carrier density for QDs and QWs (Figure 2.3 (b)), and thus, the ratio of saturation energies increases. 
Therefore, the condition             is met in semiconductors directly using a forward biased gain 
section and a reversed biased absorber. However, the fulfillment of this condition does not necessarily 
guarantee stable mode-locking. 
A more stringent form of this condition was derived for passively MLLs in [81] by extending the 
net gain modulation phasor approach assuming sinusoidal light intensity modulation in the cavity  
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(a) 
 
 
(b) 
 
Figure 2.3: (a) Density of states as a function of energy in bulk and low dimensional quantum 
confined heterostructures. (b) Schematic illustration of the normalized gain versus carrier density 
for bulk, QW and QD material [60].  
considering discrete gain and absorber sections. Analytical estimation of the stability range for a given 
laser geometry can be done using the next expression 
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  (2.8) 
where    is the internal loss coefficient,      is the outcoupling (mirror) losses,           is the 
total length equals to the sum of the lengths of the gain and absorption sections (see Figure 1.5), W is 
the width and d is the thickness of the active region, P is the peak optical power. 
Taking into account that  
   
  
 
   
  
  and assuming a sufficiently high peak power, the Eq. (2.5) 
can be simplified to 
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where  
   
  
 and 
   
  
 are the differential gain and absorption with respect to the current density  , which 
is approximated through the carrier lifetime τ and the injection efficiency ηi as  
    
  
 
  
   
   
  
   (2.10) 
The 
  
  
 and 
  
  
 values can be obtained directly from experimental measurements of the current 
dependent net modal gain spectra by fitting with the expression (2.6) for QWs and (2.7) for QDs. 
However, this simplified approximation requires the carrier lifetime be larger than the stimulated 
lifetime, which is not necessarily fulfilled for QWs due to enhanced carrier interaction. 
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At threshold, the net modal gain    is in balance with the total optical losses presented by the sum 
of the mirror losses      for the mirror reflectivities R1 and R2, and the net modal absorption    in the 
absorber: 
                
 
  
   
 
    
    (2.11) 
The given criteria (2.8) and (2.11) allow for predicting the range of the operation conditions 
(biasing, temperature) for a specified MLL laser cavity design (La/Lg) based on QDs in good 
agreement with the experimental data [82], [81]. Based on this approach, an improved pulse width 
and power using reconfigurable multi-section passive QD MLLs was demonstrated in [83].   
For monolithic MLLs consisting of one type of an active medium, a low gain-to-absorber ratio 
La/Lg  is shown to support higher power and shorter pulses [60]. For a short absorber section, pulse 
narrowing can be not sufficient. On the other hand, increased losses with an absorber section length 
result in higher noise. However, if the length of the absorber is short such as comparable to a pulse 
transit time, the reflected pulse passes the absorber at saturation, which promotes more symmetric and 
stable generation of pulses of shorter duration [49], [84]–[87]. This regime is known as colliding pulse 
mode-locking (CPM) which has been realized in ring cavity resonators, by insertion of the absorber in 
the middle of linear cavity MLLs or by applying high reflection coating to the rear facet in the two-
section configuration (self-colliding mode-locking) [84], [88].  
Recovery Time 
Fast absorber recovery is necessary for maintaining stable pulse shaping by suppressing CW 
component. Moreover, slow absorption recovery assists the multi-pulse formation mechanism 
illustrated in Figure 2.4 (a). If the gain recovers faster than the absorber, the second (or multiple) net 
gain window can be opened, and then multiple trailing pulses are generated after the main pulse. This 
situation typically occur for pulses shorter than 1 ps, when a large amount of photo-generated carriers 
can rise Coulomb potential between the carriers leading to efficient screening of an external field. It 
reduces the unsaturable absorption and carrier mobility, which decelerates absorber recovery (see 
Figure 2.2 (a)).  
 
Figure 2.4: Sub-picosecond pulse generation: (a) in case of the fast gain recovery accompanied 
with secondary pulse formation and (b) in case of the slow gain recovery.  
The recovery time can be shorten in a field-enhanced absorber by increasing reverse biasing [89], 
uni-traveling carrier (UTC) saturable absorber [56], or by introducing defects acting as recombination 
centers by proton bombardment [90]–[92] or ion implantation [93], [94]. Considering the simplest in 
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realization (by splitting a contact - see Figure 1.5 (b)) and reliable reverse biased absorber section, 
there are two main processes involved for the absorption recovery: thermionic emission and 
tunneling. It means that the recovery time depends on the carrier effective mass, presence of the 
confinement barriers, and applied electrical field [95]. Assuming the dominant thermionic escape 
process, the recovery time in QW EAM is exponential function of the reverse bias V estimated as 
following [96]:  
 
      √
       
   
   (
               ⁄
   
)    (2.12) 
where Lw is the QW width, Eb is the confinement potential, m* is the effective mass, Vbi is the built-in 
potential, and d is the width of the depletion region. The recovery time reduction from hundreds of 
ps to few ps under reverse biasing ranged from 1 - 10 V was reported for band-gap engineered MQW 
EAM in [95], [96]. However, the recovery in the time scale of about 100 ps can be expected due to the 
detrimental screening effect, carrier pile-up at the edges of the confinement layers and carrier 
recapture. For comparison, the UTC approach allows for achieving complete absorption recovery 
within few ps since the relaxation governed solely by the fast electron sweep-out process [78]. 
2.3  Picosecond Barrier and Ultrafast Processes 
As described above, stimulated emission and SHB are followed by dynamic carrier heating which 
results in gain compression 
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(2.13) 
where P is the light power,      and      are the saturation energy and the saturation power of the 
gain medium, respectively. Considering sufficiently long pulses of few ps or more of relatively low 
pulse energy, the carrier redistribution corresponds to the total carrier density and the saturable 
absorber supports pulse narrowing [5], while if the pulse duration is on the timescale of ultrafast 
carrier processes, dynamic perturbations caused by SHB affect significantly on the pulse propagation 
(see below in Section 2.4.1). In addition to the heating processes, at high photon densities, free-carrier 
absorption (FCA) process (Figure 2.5 (b)) contributes to carrier heating and reduces the saturation 
energy accompanied by the TPA induced optical losses (Figure 2.5 (a)) pronounced for narrow-
bandgap semiconductors such as InP alloys. In addition, the increased amount of hot carriers is 
attributed to Auger non-radiative recombination (Figure 2.5 (c)).  
 
Figure 2.5: Schematic diagrams of (a) two-photon absorption, (b) free-carrier absorption and (c) 
the Auger recombination processes with the involvement of two electrons and one hole (CHCC) 
and one electron and two holes (CHHS or CHHL).  
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The nonlinear gain compression is a key mechanism responsible for the pulse broadening in 
semiconductor MLLs which restricts achieving of sub-ps pulse generation [97], [98]. Due to finite 
gain recovery time, the leading edge of the short pulse experiences higher amplification comparing 
the tail resulting in an asymmetric pulse shape. Furthermore, pulses of a large optical spectrum are 
affected largely by chromatic dispersion, which is enhanced for chirped pulses occurring due to the 
ultrafast carrier density change taking place in the gain and absorption under saturation.  
Dispersion and Self-Phase Modulation  
The fast variation in carrier density and gain suppression cause temporal change of the refractive 
index related through the Kramers - Kronig relation. This results in self-phase modulation (SPM) 
which consists in the time-dependent refractive index change inducing a temporally varying 
instantaneous frequency (frequency chirp): 
 
    
  
  
  
  
  
    (2.14) 
where   is the linewidth enhancement factor defined as [79] 
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    (2.15) 
Figure 2.6 illustrates the SPM process for gain and absorber saturation and the resulted changes in 
the optical spectrum (frequency chirp) in a semiconductor amplifier. A combination of the carrier 
depletion in the gain section and the carrier density rise in the absorber lead to asymmetric spectral 
broadening. Commonly, the leading edge of the pulse is up-chirped (shifted to a higher frequency) 
while the peak and trailing parts are rather down-chirped. This reduces the spectral efficiency (larger 
TBP product), causes pulse shape distortion and may results in pulse break-up [77], [99]. This is more 
critical for MLLs with a long gain section and strong gain saturation. 
 
Figure 2.6: (a) Self-phase modulation in the gain and absorber section [84] and (b) induced by the 
gain saturation spectral red-shift [100]. 
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Taking into account material dispersion, the resulted pulse can be narrowed or broadened with 
respect to the spectral dependence of the propagation constant given by the group delay dispersion 
(GDD) coefficient [85]:  
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)  
   
    
   (2.16) 
If the net GDD is negative (anomalous dispersion), the soliton mode-locking regime can be achieved 
giving a pulse duration much less than the absorber recovery time [101].  
The dispersion control can be realized using dispersion compensation elements, such as 
dispersion-shifted fibers (a normal dispersion fiber removes only the linear component), diffraction 
gratings, chirped fiber DBR and other [102]. Alternatively, the transition time through the dispersive 
media can be reduce by insertion of a passive waveguide within the cavity [83] or further improved by 
integration with a chirped DBR structure [103] (given that the gain and absorber can support the short 
pulses).  
Amplitude and Timing Noise 
As stated in the Introduction, the application of MLLs for long-range optical data transmission and 
optical sampling imposes strict requirements on the temporal position and amplitude fluctuations 
within a pulse train. This drift can be caused by a combination of external factors and technical noise 
and intrinsic physical processes arising when the pulse interacts with the laser medium. The technical 
noise impact, e.g. associated with changes in ambient conditions or noisy driving electronics, is 
significantly minimized in monolithic passively MLLs compared to external cavity devices, while the 
inherent processes give the major noise contribution. The detailed theoretical description of the noise 
in MLLs is addressed in [104]–[107]. 
The temporal shift within the pulse train is, firstly, the result of the spontaneous recombination 
and, secondly, fluctuation in carrier density, which causes refractive index change varying the cavity 
round-trip time. Gain and photon density variation have a direct impact on the amplitude noise [84]. 
Spontaneous emission into lasing modes adds instantaneous random phase change, and therefore 
induce timing phase error over the pulse and drift in pulse intensity [53]. At above-threshold 
conditions, the spontaneous emission rate is determined by the carrier density, which is clamped at its 
threshold value. The ratio between spontaneous    
  and net stimulated emission     rates is 
proportional to the population inversion factor    , as given by 
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 (2.17) 
where    and    are the Fermi occupation probability for electrons and holes, respectively,     is the 
quasi-Fermi level separation. The spontaneous emission noise reduces with the required gain at 
threshold and at high population inversion, which can be achieved in QDs or a deep and narrow QW. 
Because the stimulated emission increases linearly with photon density, the pulses of high power are 
less affected by the spontaneous emission noise. The high pulse power can be supported by a medium 
with a high saturation energy, which can be achieved by reducing the confinement factor Γ or/and the 
modal area A according to Eq. (2.5). It is equally important to reduce gain compression and 
perturbation in carrier distribution over the pulse energy spectrum [53].  
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As noted above, timing jitter can be reduced when the repetition frequency is fixed by external 
modulation in hybrid mode-locking [108]. Other timing stabilization schemes based on the 
implementation of the opto-electrical and all-optical feedback can be found in [109]. Another 
approach is referred to overcoming of the intrinsic limitation and focused on a trade-off study and 
development of an optimal laser active medium, device configuration and operation conditions [60], 
[110]. 
General Recommendations on Passively MLLs  
Taking all the aforesaid into consideration, the general criteria for the design of active media of 
monolithic MLLs can be outlined as following: 
 Saturation energy 
High gain saturation energy is required to achieve high pulse energies, reduce broadening effects and 
pulse chirp, and noise induced by ultrafast gain fluctuation. Low saturation energy in the absorber 
ensures self-start of the pulse formation and supports sufficient pulse narrowing. 
 Recovery time 
Fast absorber recovery is essential for achieving ultrashort optical pulses. It prevents the formation of 
secondary pulses when the ultrafast gain relaxation time (< 1 ps for QW) is larger than the absorber 
one. However, if the gain recovery is slow, the pulse width will depend largely on interplay between 
the saturation parameters rather than being defined by the absorber relaxation time (Figure 2.4 (b)). 
 Gain, losses and device geometry 
A short gain section with extended cavity or low amplification per roundtrip reduces SPM and noise 
[111]. A short absorber section is beneficial for the realization of the self-CPM effect to improve the 
stability; however, the absorption should be high enough to shape the pulse efficiently. Moreover, it is 
important to achieve low internal losses and hence a low threshold current density and a high 
population inversion favorable for reduced noise from spontaneous emission. 
2.4  MLL Active Medium: Quantum Dots vs Quantum Wells 
Ideal Quantum Dots 
Quantum-dot-based semiconductor MLLs has been shown to maintain generation of the shortest 
pulses with the lowest noise figure and temperature stability compared to QW and bulk based devices 
[58], [60], [62], [112]. The advances are related to the superior material properties owing to the 
atomic-like energy level structure of QDs. For ideal QDs, it can be represented by a few discrete 
energy states coupled to a large carrier reservoir (see in Figure 2.7). The delta-function shaped DOS 
and low active volume results in low differential gain and potentially lower wavelength chirp 
comparing to bulk and QW material (Figure 2.3) [62], [61]. Furthermore, a high population inversion 
is easier achieved resulting in low threshold current density, spontaneous emission noise [113], [114] 
and optical losses. On the other hand, an extremely broad gain spectrum reaching a hundred nm can 
be achieved as a superposition of overlapped energy states of individual QDs slightly varied in size, 
shape and environment (inhomogeneously broadened QD envelope) [115], [116]. 
Low confinement factor and small modal gain attributed to QDs ensure that the pulse experience 
small changes during one round trip, thus, low pulse distortion compared to QWs is expected. Figure 
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2.7 illustrates the carrier distribution changes during the propagation of sub-ps pulse in QW (top row) 
and  QD (bottom row) amplifier: at the initial state before the pulse amplification (left), during the 
pulse propagation associated with SCH and ultrafast carrier-carrier scattering (< 1 ps) (middle) and 
after the pulse passage (> 1 ps). Assuming that the energy levels are sufficiently uncoupled in a QD, 
the carrier populations localized on the different energy states do not interact with each other. This 
means that the carrier-carrier scattering process is suppressed, which inhibits ultrafast refilling of the 
active states in QDs during the pulse propagation. The carrier distribution is nearly unchanged 
compared to the QW, which minimizes pulse perturbation.  
 
Figure 2.7: Schematic illustration of the evolution of the carrier redistribution in QW and QD 
material during propagation of the sub-ps pulse. 
Carrier-phonon scattering and Auger recombination occurring in the ps range become the 
dominating mechanisms involved in the intradot carrier redistribution. These processes must comply 
with the requirements of momentum and energy conservation. As a result, relatively low efficiency of 
carrier phonon scattering impedes the population recovery of the active states. Figure 2.8 shows the 
dynamical change in occupation probability on the different levels calculated in [117]. Admitting the 
possibility of fast relaxation of the carriers from the excited states (ES) to the ground state (GS), the 
slow capture processes to the ES and a thin wetting layer (WL) from the reservoir can impede the 
recovery process. This phenomenon of the finite intradot carrier relaxation time in QDs is known as 
"the phonon bottleneck" [117]–[121]. 
The first consequence of the slow “ultrafast” QD gain recovery is the reduced SPM (more 
symmetric pulse shape) and noise affecting the short pulses < 1 ps. As illustrated in Figure 2.7, no 
significant carrier density fluctuation and gain change due to SCH during pulse propagation take place 
in QDs, while ultrafast carrier-carrier scattering occurs in QWs. Furthermore, the forthcoming pulses 
can be influenced by the memory effect due to incomplete refilling of the joint QW reservoir (occurs 
in the ns range, while the pulse period is ~ 100 and 25 ps for 10 and 40 GHz MLLs, respectively), 
which is not the case for QDs. Nevertheless, the low differential gain in QWs can reduce dynamic 
perturbation. It can be realized using fewer QWs (see e.g. calculation results in Figure 3.8) at high 
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Figure 2.8: Changes in the occupation probability for the GS, ES and WL in the QD SOA after 
transmitting a 150 fs pulse calculated in [117].     
population inversion ΔEF as shown schematically on the plot in Figure 2.7 [62]. Another important 
effect advantageous for MLL stability is attributed to the slower “ultrafast” recovery time in QDs as it 
prevents multi-pulsation if the absorber recovers faster for long (> 1 ps) pulses. 
“Real” Quantum Dots  
QD material grown in a self-assembled way naturally exhibits a large size distribution (see Section 
4.1.3 for details) and, therefore, a discrepancy in the quantized energy levels. This results in 
inhomogeneous broadening of the gain spectra. For the ultrashort pulses, the lasing modes in a wide 
spectral width can be supported by individual QDs. Ideally, only the phase have to be matched, while 
for QWs the amplitude is also susceptible to dynamical changes. However, as shown in Figure 2.9, 
this inhomogeneity in the QD ensemble can selectively depletes the states belonging to different QDs 
if the homogeneous broadening determines by the carrier lifetime is smaller than the pulse bandwidth, 
which gives a rise to CW background and “multiwavelength” pulsing when operation in tandem with 
a slow saturable absorber like QD-based [122]–[124]. 
 
Figure 2.9: Schematics of gain and absorber dynamic changes in the carrier distribution during 
the pulse propagation in a QW and an inhomogenously broadened QD ensemble. 
Another issue concerns the electronic structure and confinement of the carriers within QDs, which 
are inherent material properties of a particular QD system. QDs based on GaAs used for devices 
operating in the range from 1.1 to 1.3 µm typically have a shape close to pyramidal with a higher 
aspect ratio (QD height to base length) compared to large and flattened lens-shaped InP-based QDs 
emitting near 1.55 µm. The difference is due to the self-assembled mechanism of QDs discussed in 
Section 4.1.3. Accompanied by the less beneficial line-up in InP based QDs, this leads to weaker 
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carrier confinement for 1.55 µm QDs (“shallow” QDs), small energy separation between the levels 
(few tens meV), and strong coupling to the WL for large QDs. The DOS is further modified compared 
to the ideal 3D box toward quantum wire case in QDashes (see in Figure 2.3), which are often 
obtained using self-assembled growth (e.g. [125]).  
Figure 2.10 shows the example of gain spectra calculated for deep and shallow QDs [126]. The 
small energy level spacing between GS and ES vanishes the dominant GS gain by contribution of a 
multiple ES state gain monotonously with increasing carrier density [127]. The affinity of the QD 
states to the WL results in enhanced thermal escape of the carrier from QDs, therefore, reduces 
quantum efficiency.   
“Deep” QDs 
 
 
“Shallow” QDs + large inhomogeneous 
broadening 
 
Figure 2.10: Theoretical gain spectra for “deep” (ΔEES-GS=63 meV, Δεinhom1=7 meV, Δεinhom2=13 
meV) and “shallow” (ΔEES-GS=37 meV, Δεinhom1=21 meV, Δεinhom2=32 meV) QDs at different 
current densities: I < II < III. The dashed lines show the saturation spectra for GS and ES 
transitions. Reprinted from [128].  
The shallow nature of InP-based QDs has drastic influence on the ultrafast intradot relaxation 
processes and gain dynamics as outlined in [129]. Figure 2.11 displays the calculated gain response of 
a shallow and deep QD for a GS state based on experimental data showing faster carrier relaxation in 
a sub-ps time scale for “shallow” dots against gain recovery times of 1-10ps for “deep” QDs (level 
separation of ~ 100 meV). This can be explained by enhanced Auger–assisted carrier capture [130], 
[117] and subsequent recovery through efficient interaction with the carrier reservoir. Nevertheless, 
the WL (reservoir) refilling time is limited by the injection on the order of 1 ns, and therefore WL   
      
Figure 2.11. GS gain recovery for deep and shallow QDs calculated in [129]. 
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depletion results in reduced saturation energy, may keep gain strongly damped between the pulses and 
progressively lowers the recovery time [117]. 
Since the QDs dynamical properties depend on its geometry and morphology, the fabrication issue 
is of high importance. The success has been achieved for InAs/GaAs QD operating in the O 
wavelength band [112], but the growth of InAs/InP QD needed for operation in the C and L 
telecommunication range remains a big challenge [131]. This explains the relatively poor results 
demonstrated for QD devices at the 1.55 µm range compared to theoretically predicted benefits as 
exemplified in the Introduction. 
Quantum Well - based Amplifier 
Conventional QW active material is a good alternative to QD considering the technological 
challenges in the growth of self-assembled QDs on the InP platform. The noise performance can be 
improved by reducing the differential gain and confinement factor, or put in other words, increasing 
the saturation energy [110]. This situation can be achieved by lowering the number of QWs. 
Specifically, a high population inversion of a narrow highly strained single QW was shown to 
improve the linewidth enhancement factor and minimizes pulse reshaping due to smaller carrier 
density fluctuation, dynamic losses and spontaneous emission, overall resulting in lower jitter [62], 
[49], [54]. More details on the design of QW amplifier is addressed in the following Chapter 3.  
Saturable Absorber   
The requirements to the absorber section including a low saturation energy and ultrafast recovery 
are contrary to those imposed on the amplifier. In case of QD absorber, the potential problem arises 
from the assumption that the saturation within the inhomogeneously broadened QD ensemble is not 
improved much at wider bandwidth. As depicted in Figure 2.9, this may lead to discrete spectral band 
absorption and pulse distortion. The weak absorption results in growth of CW background. Similar to 
a deep QW with high carrier confinement, the recovery process is slow due to obstructed extraction of 
photo-generated carriers (see Eq. (2.13)), although, was shown to be accelerated in the electric field 
by applying reverse bias, however, a long absorber section is required to achieve significant 
narrowing [60]. 
Using a stuck of shallow multi-QWs (MQWs) or bulk material allows for achieving lower 
saturated energies, while the ultrafast recovery is ensured by strongly interacting carrier states. 
Moreover, a MQW-based electroabsorption modulator (EAM) utilizing the quantum-confined Stark 
effect (QCSE) offers additional flexibility in a wide-range detuning of the absorption strength near the 
band edge by varying applied biasing. Therefore, the length of the absorber section can be chosen 
independently, e.g. for operation in the self-CPM mode. The non-linear unsaturated absorption near 
the spectral cut-off over the wide pulse bandwidth may cause detrimental spectral broadening, 
therefore, wider QWs can be used for a larger wavelength shift, in particular toward the excitonic 
absorption band [132]. Alternatively, a UTC saturable absorber [133],[78] is highly attractive solution 
due to the reduced recovery time. The stable pulse generation ~ 900 fs from the MLLs consisting of 
monolithically integrated MQW amplifier and UTC saturable absorber was reported in [134]. The 
main limitations in MLLs performance were associated with fabrication difficulties in monolithic 
integration giving a high internal reflectivity, limited bandgap tunability between the absorber and 
amplifier, and more importantly, not optimal amplifier medium, resulting in pulse instabilities. The 
closer attention to the influence of the internal reflection in monolithic MLLs will be paid in Chapter 
4.2.    
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2.5  Summary 
In this chapter, the theory of passive mode-locking in semiconductor lasers is described. It is shown 
that the gain saturation has the main influence on pulse broadening and increases the pulse jitter. 
Therefore, in order to obtain stable sub-picosecond pulse generation, the high gain saturation energy is 
required, while the fast saturable absorber ensures efficient pulse shaping and filtering. The 
consideration of the dynamic properties of semiconductor material leads to the conclusion that the 
trade-off between achieving short pulses and low noise cannot be solved without independent 
optimization of the gain and absorber sections.   
The concept of this work is to utilize the combined dynamic of QDs or a highly inverted single 
QW as a gain medium favorable for stable pulse generation and MQW EAM as a fast and tunable 
saturable absorber. The benefits of QDs lie in a strong hole-burning of the uncoupled energy levels 
suppressing fast carrier density fluctuation, and hence SPM and noise. The damping of carrier 
scattering slows down the gain recovery and eliminate the multi-pulse formation. However, the 
reported results on QD devices at 1.55 µm suggest the strong influence of the QD structural and 
compositional non-uniformity on material properties, and therefore the success depends largely on the 
current technology. A more convenient for fabrication single QW amplifier allows for achieving a 
high saturation energy under high population inversion. This reduces the carrier heating effect on the 
ultrafast dynamic gain change, however in a minor manner compared to QDs. The use of a shallow 
MQW EAM offers the fast absorption and adds flexibility between the device geometry design and 
the choice of operation conditions. The realization of monolithic MLLs composed of different types 
of active media can be accomplished using the butt-joint regrowth technique described in Chapter 4. 
Special conditions imposed on the regrowth quality with respect to MLL performance will be covered 
in Chapter 5. 
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Chapter 3  
Mode-Locked Lasers: Epitaxial Layer Design  
This chapter describes the material choice and design of epitaxial structures of gain and absorption 
sections used for the realization of integrated MLLs with respect, to the fullest extent possible, to the 
criteria outlined in Chapter 2. A single narrow compressive-strained QW SOA with asymmetric barrier 
layers in the InP/AlInGaAs/InGaAsP material platform is considering for the amplifier. The principal 
purpose is to improve the quantum efficiency via minimization of carrier losses involving Auger 
recombination and carrier leakage compared to a conventional QW SOA, while possessing a large 
saturation energy and a high population inversion for stable pulse generation. The design of a QD SOA 
epitaxial structure is constrained by technological aspects, and therefore will be addressed in Section 
4.2. Shallow MQWs are assigned for an active medium of a fast saturable absorber based on QCSE 
EAM. The design of separate confinement heterostructure (SCH) and cladding layers is of importance 
for optimal optical confinement, low-loss light guiding and carrier transport properties. These functions 
are designated to complex asymmetric waveguide structures. The mode matching between the gain and 
absorber sections being integrated into a single cavity is taken into account. An optimization of the 
doping profile is discussed concerning dopant diffusivity. 
3.1  Material Selection  
The realization of active devices for long-haul telecom applications is generally associated with the 
exploitation of the C spectral band (1.53 - 1.57 μm) due to the lowest fiber attenuation and, at the same 
time, the applicability of an EDFA for signal re-amplification [135]. Compound semiconductor 
materials allow for engineering desirable device performance by proper epitaxial structure design 
where its material properties can be varied with a high degrees of flexibility [136].  
Figure 3.1 shows the material and technology map available or prospective for fiber data 
transmission in the present. InP and related materials are a common choice for the fabrication of 
photonic devices operating around 1.55 μm. The traditional InGaAsP/InP (PQ(λ)2) material system 
covers the wide energy range between 0.75 eV (1.65 μm) and 1.35 eV (0.91 μm). The mature epitaxial 
technology and profound processing knowledge make this materials dominant in commercial 
optoelectronics as well as a major platform for the realization of high functionality photonic integrated 
circuits [137].  
                                                     
2
 By convention, further in the text InGaAsP and AlGaInAs quaternary compounds lattice matched to InP 
will be referenced as PQ(λ) and AlQ(λ) whereas λ denotes an energy band gap in μm. 
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Figure 3.1: Energy bandgap as a function of lattice constant for various III-V semiconductors 
(left). The colored fields represent optical communication spectral bands shown with 
corresponding technology map (right) [138]. The abbreviations YDFA, PDFA, TDFA and EDFA 
denote the ytterbium-doped, praseodymium-doped, thulium-doped and erbium-doped fiber 
amplifier, respectively. 
AlGaInAs/InP (AlQ(λ)1) alloys open greater possibility in the range up to 1.46 eV (0.86 μm) due to 
the favorable band discontinuity properties and the possibility to obtain a higher refractive index 
contrast [139]. The comprising diagram of the refractive index and band edges for AlQ and PQ 
compounds lattice matched to InP as a function of energy bandgap [140] are presented in Figure 3.2. 
An inherently high conduction-band offset ratio       ⁄  of ~ 0.7 in AlQ against 0.4 in PQ results in 
stronger carrier confinement in quantum heterostructures [141]. As a result, an increased differential 
gain and quantum efficiency, lower temperature sensitivity comparing to PQ/InP QW based lasers 
were theoretically predicted and successfully employed for multiple applications (see e.g. [142],  
[143]). Increased hole localization in QWs was shown to provide lower gain compression at high 
photon densities [144]. Among these benefits, lower carrier losses have been reported in [145] for 1.3 
μm AlGaInAs/InP lasers. However, in case of long-wavelength 1.55 μm lasers, the achieved 
improvement has been rather moderate, which can be explained by the efficient Auger recombination 
process  
 
 
 
Figure 3.2: (a) Refractive index (solid lines) and band offsets (EH, valence band, dash-dot lines; 
EC, conduction band, dash lines) for InGaAsP (blue lines) and AlGaInAs (red lines) lattice 
matched to InP. The relative zero energy level is equal to the valence band edge of InP. (b) Band 
alignment of lattice matched to InP ternary alloys.  
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competing with carrier leakage [143]. Due to the high probability of oxygen and carbon incorporation 
into Al-contained alloys during crystal growth, an increased trap site and defect concentration may 
additionally affect laser performance [146]. The growth aspects concerning the suitability of Al-
contained alloys for integration will be discussed in more detail in Chapter 4.1. 
Alternatively, Sb-containing materials can be considered promising for the realization of MLLs. 
The staggered (type II) band lineup forming, for example, between AlGaInAs and AlGaAsSb (Figure 
3.2 (b)) results in spatial separation of holes and electrons. Low carrier wavefunction overlap reduces 
spontaneous emission and increase saturation energy, which are of particular interest for passive MLLs 
with a long gain section for operation at low frequencies. At the same time, it gives a strong electro-
optic response which is attractive for an EAM [147].  
Increasing attention is paid to the possibility of extension of the emission band for cheaper GaAs-
based devices towards the longer telecommunications wavelengths using dilute nitrides such as 
GaInNAs and GaInNAsSb [148] or narrow bandgap Sb-based alloys. However, nitrogen incorporation, 
even at low concentrations, deteriorates the crystalline quality. Formed defects reduce the carrier 
lifetime through the non-radiative recombination which can be advantageous for fast absorption 
recovery [149]. The room temperature emission from Sb-containing InAs/GaAs QDs has been shown 
reaching up to 1.6 um [150], however, graceful degradation of the optical properties has been observed. 
Similar results were reported in [151] by strain engineering of  metamorphic InAs/InGaAs/GaAs QDs.  
Due to the availability and taking advantage of relatively mature fabrication technology, the laser 
structures of MMLLs in the thesis are designed and fabricated using InGaAsP/InP and AlGaInAs/InP 
materials to deliver the best device performance.  
3.2  Quantum Well Amplifier with Asymmetric Barrier Layers Structure 
Epitaxial layer descriptions 
The original QW SOA structure studied in the work, refractive index, optical losses and TE 
fundamental optical mode profiles are illustrated in Figure 3.3. The energy band diagram obtained 
using the CROSSLIGHT LASTIP commercial software is presented in Figure 3.4. The active region 
contains a narrow compressive-strained single InGaAs(P) QW sandwiched between 20 nm 
Al0.48In0.52As layer from the p-side and 10 nm InP layer from the n-side forming an asymmetric barrier 
layer (ABL) structure. For convenience, this type of structure will be referred to as ABL QW SOA. 
The active layers are embedded in an asymmetric separate confinement heterostructure (SCH) 
consisting of nominally undoped PQ(1.13) and n-doped AlQ(1.07) layers as p- and n-waveguide 
(WG) layers, respectively. A 250 nm thick n-InP buffer layer and a 10 nm PQ(1.25) wet etch stop 
layer below the n-WG are included for the needs of integration with an EAM (see Section 4.2). The 
top cladding is composed of a 1.7 um thick InP layer with graded p-doping profile and heavily p-
doped 100 nm PQ(1.25) and 175 nm InGaAs contact layers. For ridge etching, A 10 nm PQ(1.13) wet 
etch stop layer or a 20 nm AlInAs dry etch stop layer below the top cladding layers is used. Complete 
epitaxial layer descriptions of the ABL QW SOA structure and parameters used for modeling can be 
found in Appendix A.1. The top cladding layer description covering the detailed doping profile is 
given in Appendix A.8. The thicknesses of the waveguide layers and doping levels were varied during 
optimization as described below. 
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Figure 3.3: A schematic of the ABL QW SOA layer structure (left) and corresponding profiles of 
the optical mode, refractive index and FCA loss (right). The contact layers are not shown.  
 
Figure 3.4: Energy band diagram of the ABL QW SOA at threshold for the case of a doped (in 
colour) and undoped (gray lines) n-side WG. The dashed green lines indicate the quasi-Fermi 
levels for holes fh and electrons fe; CB and VB are the conduction and valence bands, respectively. 
The red and blue dashed lines in the VB show heavy hole and light hole subbands. 
Strained Quantum Well 
Two kinds of QWs were examined as a gain medium in the ABL QW SOAs: an ultra narrow 3.2 
nm compressive-strained (-1.47% str.) In0.75Ga0.25As QW and a wider 6.2 nm (-1.34% str.) 
In0.81Ga0.19As0.86P0.14 QW. Such narrow and highly strained single QWs allow for achieving high 
population inversion and as expected, can provide smaller carrier fluctuation as outlined in Chapter 2 
along with an improved internal quantum efficiency. In fact, high compressive strain in QWs causes 
heavy hole (hh) and light hole (lh) subband splitting and a reduced density of states in the valence 
band. This results in more symmetric population inversion between electrons and holes. In such a 
case, the reduced number of states to be filled by carriers increases the differential gain near 
transparency. Due to fast saturation and a flat gain curve, the differential gain decreases rapidly at 
higher carrier densities [79], [152]–[154]. Furthermore, a wide temperature range of MLL operation 
up to 100ºC was demonstrated in [155] for a strained and narrow InGaAs/GaAs QW which is beyond 
the limit of 60ºC obtained for InAs/GaAs QDs. At the same time, the band diagram modification and 
low threshold carrier density reduce intervalence band absorption (see Section 3.4) [156]–[158] and 
carrier losses via Auger recombination (AR).  
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Auger recombination in narrow QWs 
The AR rate is related to the electron and hole densities (n and p) as: 
                   ,  (3.1) 
where Cn and Cp are the Auger coefficients showing the probability of the recombination processes 
shown schematically in Figure 2.5 (c). The AR efficiency depends strongly on energy band gap, 
temperature, strain [152]–[154], [159], [160], and, in case of QWs, on barrier height, thickness and 
other parameters resulting in variation of the electron – hole wavefunction overlap [161]–[163]. 
Compared to bulk materials, AR in QW is enhanced in the presence of heteroboundaries with barriers, 
which relax restrictions on the momentum conservation. Thus, the theory predicts an increase of the 
AR probability with decreasing the QW width. However, for sufficiently narrow QWs, an AR 
reduction can be expected (Figure 3.6) due to the smaller overlap integral [162]. Therefore, both 3.2 
nm and 6.2 nm QWs are assumed to have a similar AR carrier loss contribution. For the same reason, 
no large difference in the material gain is expected for these SOAs. 
  
Figure 3.6: Auger coefficients vs. QW thickness calculated for a strained In0.533Ga0.467As/InP QW. 
C3D corresponds to the bulk AR coefficient; C1 and C2 are the 2D AR coefficients associated with 
scattering from heteroboundaries and Coulomb interaction, respectively. Reprinted from [162].  
Carrier leakage and asymmetric barrier layers 
Another dominating non-radiative mechanism of carrier losses in long wavelength lasers is attributed 
to carrier leakage outside the active region promoted by thermionic emission [164]. The carrier 
overflow is escalated at elevated temperatures and high carrier densities. It affects not only the carrier 
injection efficiency, but also gives rise to parasitic spontaneous recombination and free-carrier 
absorption (FCA) in the adjacent cladding layers (see below).  
The carrier leakage can be reduced using asymmetric unipolar high potential barriers (or carrier 
stopper layers). It was theoretically predicted and experimentally proven to increase the efficiency and 
temperature stability compared to conventional QW lasers [165]–[169]. This approach is used in the 
design of the described ABL QW SOAs structure. A wide-bandgap Al0.48In0.52As barrier forms a high 
potential step > 400 meV for the electrons on the p-side, while it does not impede hole transport from 
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the p-contact
3
. The width of 20 nm is assumed sufficient to prevent carrier tunneling through the 
barrier. The simulation results presented in Figure 3.4 show a drop in electron quasi-Fermi function 
associated with InAlAs barriers. Similar function is assigned to 10 nm thin InP layer from the n-side 
of the QW. The height of the thermionic emission barrier for heavy holes is > 320 eV. 
Quantum Well operation parameters 
In order to estimate the ABL QW SOAs properties, namely density of states (“DOS”), static 
carrier distribution (“Carriers”), gain and absorption characteristics, MATLAB simulations were 
performed using a simplified model elaborated by K. Yvind [110]. The material parameters were 
taken from [140], [170]. For reference purposes, a conventional c-QW SOA structure was included 
this study. The active layers of c-QW SOA were composed of 6.5 nm In0.75Ga0.25As0.86P0.14 QW(s) (-
1.02% str.) in In0.49Ga0.51As0.86P0.14 barriers (0.78% str.) embedded in a symmetric PQ(1.05) 
waveguide core (Appendix A.2).  
Figure 3.7 shows the simulated band diagrams, carrier distribution and various numerical results 
for 3.2 nm ABL QW SOA (a) and 6.5 nm c-QW SOA (b) for a given injection level (a built-in electric 
field is not included). The carrier distribution was obtained by calculation of a gain coefficient 
required for amplification of a pulse of a fixed energy (“Gaincoefficient”) and a corresponding carrier 
density (“ntot”) using parabolic band approximation (input parameters are displayed in Figure 3.7). 
The modal gain was related to the population inversion factor           as 
                 , (3.2) 
where fe and fh (“fermifunc”) are the Fermi occupation probability for electrons and holes, 
respectively. The gain broadening due to the scattering processes and bandgap shrinkage via Coulomb 
screening were included in the model phenomenologically. Figure 3.8 shows a plot of calculated 
modal gain and saturation energy as a function of carrier density for the described ABL and c-SOA 
structures. 
The benchmarking study of the results summarized in Table 3.1 reveals a significant reduction of 
the threshold carrier density for the deep ABL QWs compared to the c-QW and more than a 3-fold 
increase in the carrier confinement potential. Another benefit of more balanced carrier distribution in 
a highly compressive strained narrower 3.2 nm QW is illustrated in Figure 3.8 showing fast growth of 
the saturation energy with carrier density.  
However, the simulations suggest that for long 10 GHz MLLs the required gain can be achieved at 
relatively low carrier density. Thus, the population inversion is not sufficiently high resulting in 
moderate saturation energies for the ABL QWs (Figure 3.8, purple dashed lines). Higher saturation 
energies can be achieved for 40 GHz lasers (Figure 3.8, green dashed lines).  
 
 
 
 
                                                     
3
 The data on band-edge alignment for AlQ can vary significantly depending on model used for calculation. For 
comparison see e.g. [210]. 
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Offset QW and QD SOA 
In order to maximize the advantages of the ABL QWs, the optical confinement can be intentionally 
reduced e.g. by displacement the active layer position against the maximum optical field (“offset ABL 
QW” in Figure 3.8 and Table 3.1) [171]. The required currier density at threshold is higher which 
demands higher population inversion and increases the saturation energy (Eq. 2.3). Moreover, the 
reduction of the FCA losses can be expected. For the given ABL QW SOA design optimized for 
integration with the EAM, the confinement factor can be reduced by -0.16% when the QW is pushed 
to the p-side  as shown in Figure 3.3 (b) (dashed lines). A detailed epitaxial structure is given in 
Appendix A.3. In the opposite case, when the QW is placed closer to the n-side cladding, lateral hole 
spreading in the thick p-WG layer will increase FCA losses. Moreover, higher electron mobility 
should be considered for efficient carrier injection [172]. However, it does not offer significant 
improvements for 10 GHz MLLs as seen from Figure 3.8 (red and green curves). Further development 
can be done towards modification of the optical field profile by changing the waveguide layers 
geometry or materials (similar to e.g. [171], [173]). However, this approach raises a tighter demand 
on low internal losses.  
As noted in Chapter 2, QD active material compares favorably with QWs due to the reduced 
number of states. It offers lower threshold carrier density while allows for achieving a higher 
saturation energy. In this work, stacks of self-assembled InAs/InP QDs was utilized alternatively to 
the QW SOAs. Due to the technological aspects commonly arising in the growth of a QD material, a 
brief discussion of the design of a QD SOA epitaxial structure will be provided along with QD 
epitaxial growth in Section 4.2. 
Table 3.1. Comparison between various characteristics calculated for ABL SQW and c-SQW SOAs.  
SCH 
Struct. 
dQW 
and 
strain 
Г 
Carrier escape 
barrier* (n/p 
claddings), meV ntr, 
1012 
cm-2 
frep = 10 GHz 40 GHz 
elec. h.holes 
nth, 
1012 
cm-2 
Inv.(nth) at 
Eg, (fe/fh) 
Esat 
(nth), 
pJ 
nth, 
1012 
cm-2 
Inv. 
(nth) 
at Eg 
Esat 
(nth), 
pJ 
Conv. 
6.5 nm 
-1.02% 
0.91 45 95 0.62 1.93 
0.60 
(0.93/0.67) 
1.30 3.88 0.83 5.88 
ABL 
3.2 nm 
-1.47% 
0.82 401/151 220/373 0.31 0.74 
0.59 
(0.88/0.71) 
0.40 1.23 0.85 1.40 
ABL 
6.2 nm 
-1.34% 
0.99 473/224 167/320 0.41 0.94 
0.53 
(0.90/0.63) 
0.42 1.43 0.73 1.27 
ABL, 
offset 
6.2 nm 
-1.34% 
0.83 473/224 167/320 0.41 1.02 
0.56 
(0.91/0.65) 
0.53 1.69 0.78 2.00 
dQW is the QW width, Г is the confinement factor,  ntr is the transparency carrier sheet density, nth is the total 
(threshold) carrier sheet density, Inv. is the population inversion factor calculated at energy band gap Eg.  
*Carrier escape barrier between the GS and the reservoir (no transition through excited states assumed). For the 
ABL structures, the GS energy level was calculated by averaging the values obtained for QWs with 
corresponding symmetric potentials.  
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(a) 3.2 nm InGaAs ABL QW SOA with asymmetric barrier layers 
 
 
(b) 6.5 nm InGaAsP QW c-SOA 
 
Figure 3.7: (a) ABL SQW SOA and (b) c-SQW SOA: calculated energy band diagram (left 
column) and density of states, quasi Fermi functions, carrier density for injected carrier density 
ntot (center and right column) for conduction (top row) and valence band (bottom row). In the 
upper right corner the input data and resulting parameters are shown. See the text for details. 
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Figure 3.8: Net modal gain and saturation energy as a function of carrier concentration calculated 
for SOAs with c-QW and ABL QW of different width. The FCA losses show the carrier-
concentration dependent absorption within the active layer. The dashed horizontal lines indicate 
the output mirror losses (without AR/HR coating) for 10 GHz and 40 GHz lasers.  
Asymmetric Separate Confinement Heterostructure  
While the asymmetric blocking barriers support carrier localization in the QW layer, the optical 
confinement was realized using high refractive index asymmetric SCH layers. InGaAsP and 
AlGaInAs materials were employed in the design in a way, that the carriers of corresponding polarity 
do not experience high potential barriers when travelling from the doped claddings to the active layer. 
Wider bandgap materials can provide larger light confinement and reduce AR if considering an 
exponential dependence of the AR probability on the energy bandgap [159]. As a compromise 
solution, AlQ(1.07) and PQ(1.13) with matched refractive indexes were used for n- and p- waveguide 
layers, respectively. The corresponding refractive indexes and band offsets are indicated by grey lines 
in Figure 3.2. Figure 3.3(b) shows the resulted TE mode profile and refractive index diagram for ABL 
QW SOA calculated using the beam propagation method available in the Selene OlympIOs software 
and the parameters listed in Appendix A. The ridge width of 2 µm were assumed to ensure operation 
on a single transverse mode, therewith more efficient coupling to the fiber [110]. 
3.3  Multi-Quantum Well Electro-Absorption Modulator  
Epitaxial layer descriptions 
The structure proposed for a saturable absorber consists of strain-compensated InGaAs MQWs 
separated by AlGaInAs (AlQ1.3) barriers. The SCH is composed of an InGaAsP waveguide core with 
a stepped energy bandgap profile as depicted in Figure 3.9. A detailed epitaxial layer description is 
presented in Appendix A.6. The emission wavelength for the MQW EAM was around 1.45 – 1.5 µm 
to take advantage of Quantum-Confined Stark Effect (QCSE) - based absorption modulation 
providing a faster absorption recovery at 1.55 µm under reverse biasing [89].  
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Figure 3.9: A sketch of the MQW EAM epitaxial structure proposed for a fast saturable absorber, 
its band diagram and carrier distribution at transparency current density.  
The QW and barrier width and composition were chosen to promote efficient carrier escape of 
photo-generated carriers required for fast absorption recovery. Since it is more critical for holes as 
heavier carriers, the potential barrier in the valence band should be compatible with kT  at best 
(“shallow” QWs), which was possible by realizing benefits of the AlGaInAs band discontinuity 
properties. Thus, the confinement of heavy holes in these QWs was about 29 meV. By the same 
token, the stepped SCH layers were employed from the p-side. Furthermore, the low carrier 
localization using relatively wide QWs (8.6 nm) in the EAM active medium are beneficial for wide-
band absorption modulation. A comprehensive analysis of the influence of the EAM design on 
absorption dynamics can be found in [95]. 
The number of the QWs was varied to obtain optimal transmission: 
                ,  (3.3) 
where       is the net modal absorption dependent on applied reverse bias (the confinement factor 
for eight QW EAM was 12.5%). Since the QWs are 0.52% tensile-strained, the MQW EAM exhibits 
mainly TM-polarized absorption (electron - heavy hole transitions; electric field vector is oriented in 
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the growth direction), while contribution to the TE absorption is smaller (electron - light hole 
transitions; electric field vector parallel to the QW layers), comparing to compressive-strained QWs in 
the SOAs emitting solely in TE mode [79].  
SOA – EAM mode coupling  
A critical design aspect for integrated devices is low coupling losses. To accomplish this 
requirement, the thickness of the EAM SCH was obtained by tailoring the TE mode profile while the 
maximal mode coupling with the gain section being provided. The resulting coupling between the 
modes shown in Figure 3.10 is better than 99.7%. The effective index difference between the sections 
is found to be lower than 0.05. The simple evaluation predicts for an ideal alignment and vertical 
interface the coupling losses of 0.013 dB and a minimal reflection of 6×10
-5
, which should be further 
reduced for practical applications as it will be discussed in Chapter 4.2. A common approach is based 
on the formation of the angled interface between section being integrated, however it implies a 
reduction in light transmission [173], [174].  
6.2 nm ABL QW SOA 8 x 8.6 nm MQW EAM 
 
Figure 3.10: TE fundamental mode intensity profiles for 2 µm wide ridge ABL QW SOA (a) and 
MQW EAM (b) simulated with Selene. The resulting mode overlap is 99.72%. 
Alternative structures for a saturable absorber 
The proposed MQW EAM relies on band-edge absorption, and therefore, strong spectral 
dependence of the absorption (chirp) is expected [175]. Alternatively, a saturable absorber can be 
based on a bulk absorption modulator utilizing the Franz–Keldysh effect or a long-wavelength 
absorber with nearly constant absorption coefficient over the pulse spectrum. A larger modal 
absorption should be considered for both cases. The requirement imposed on the optimal transmission 
discussed in Section 2.2.4 of Chapter 2 can restrict the applicability of these absorbers when taking 
into account a minimal length of an integrated absorber section of 5 µm feasible for cleaved devices 
(can be estimated using Eq.(3.3)). The last type of absorbers consisting of a lower number of QWs 
was examined in this work. The active material in the basic MQW EAM structure was replaced by 
four In0.53Ga0.47As (well)/AlQ(1.44) (barrier) QWs with the energy band gap around 1.6 µm (see an 
epitaxial structure description in Appendix A.7). 
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3.4  Doping and Optical Losses  
Free carrier absorption 
Design considerations on a doping profile of laser epitaxial structures are trade-off between the 
need of efficient carrier injection to the active layers (low resistance) and avoidance of excessive 
optical losses. In addition to light scattering on the waveguide imperfections and surface roughness, 
an increase in optical losses are commonly referred to FCA within one band (intraband) associated 
with phonons or  interband, such as intervalence band absorption (IVBA) [157], [176]–[178]. In 
narrow-gap semiconductors, such as InP, the contribution of FCA has approximately linear 
dependence on the carrier density (for moderate doping levels) and can be estimated via the empirical 
free-electron and free-hole absorption cross-section (σn and σp) as follows: 
                   (3.4) 
where n and p are the electrons and hole concentrations, respectively. The FCA coefficients for InP 
and related alloys at 1.55 µm taken for calculation were σn = 2.3x10
-18
 cm
2
 and σp = 2.3x10
-17
 cm
2
 
[177], [179]. The larger FCA cross-section for holes is explained by the dominance of the IVBA 
mechanism upon the proximity of the photon energy to the valence band separation. Therefore, it is 
important to minimize light interaction with p-doped material [173], [180] or optimize doping 
concentration. 
Zinc diffusion 
In practice, an optimization of the doping profile should be done with respect to the properties of 
specific dopant including the diffusivity, dopant incorporation behavior and activation energy. During 
the work on this PhD, it appeared that diffusion of zinc (Zn) atoms used for p-type doping into the 
active region and the p-side waveguide had significant influence on device performance as it will be 
demonstrated in Chapter 5. Therefore, to avoid unintentional doping, calculation of a nominal dopant 
profile for the epitaxial growth was performed with a correction for the strong atom diffusion at 
elevated growth temperatures. The dopant distribution with time t can be estimated using Fick's 
second law solution 
               (
 
 √  
) (3.5) 
where    is the nominal concentration, D is the temperature-dependent diffusion coefficient. The 
diffusivity alters strongly with the growth condition, and thus must be evaluated experimentally for 
each specific case. Commonly observed, that Zn diffusion in InP exhibits a pronounced threshold 
concentration dependence. For example, the diffusion coefficient of 0.1 - 2.5×10
-13
 cm
2
/s for 
concentrations below 2×10
17
 cm
-3
, and 2 - 6×10
-13
 cm
2
/s for higher doping levels for InP deposited at 
600°C using diethylzinc as Zn source were obtained in [181]. The difference of more than one 
magnitude between the diffusion coefficients is due to the substitutional-interstitial diffusion 
mechanism inherent to Zn atoms [182], [183].  
For the optimization, Zn diffusion was included by assuming a standard deviations of 50 nm for 
doping levels below 1×10
17
 cm
-3 
and 200 nm for higher concentrations. The p-side waveguide and 
active layers were left undoped. Figure 3.3 shows the resulting vertical profile of the FCA loss 
coefficient for optimized doping concentration for the QW SOA. The corresponding background 
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losses of 1.6 cm
-1
 (reduced by factor of two compared to the initial design) were calculated by 
integration over the fundamental TE optical mode (without FCA in the active layer). 
Oppositely, in the lack of the doping in the n-side waveguide, high resistance and a tremendous 
reduction of the efficiency due to heterobarrier leakage of hot carriers were observed in consistent 
with [184]. Moreover, as seen in the band diagram in Figure 3.4, the heterointerface between n-InP 
buffer and AlGaInAs waveguide layer creates a potential barrier, which may impede electron 
transport to the QW if the barrier is high. In order to reduce the resistivity, a moderate n-doping is 
applied for AlGaInAs WG layer. The reduced potential for electrons across the n-WG is demonstrated 
in Figure 3.4 doped (in colour) n-cladding compared to undoped (gray lines). This corresponds to a 
slightly reduced resistance at low current shown in Figure 3.11(inset). Directly at the heterointerface, 
δ-doping is considering to promote a sharper band discontinuity barrier which can be passed through 
by tunneling (not included in the simulations).  
As already mentioned, efficient hole leakage to the n-side waveguide layer at high carrier flows 
results in rapid increasing of optical losses [176] as shown in Figure 3.11. The simulations of the ABL 
QW SOA structure with different doping levels of the AlGaInAs n-WG and n-InP buffer layers 
suggest that n-doping reduces parasitic FCA in the n-side waveguide layer at high current.  
 
Figure 3.11: Internal optical losses and resistance as a function of the current density obtained for 
different doping profiles of AlQ(1.07) n-WG and adjacent n-InP buffer layers of the SOA 
structure shown in Figure 3.4.  
3.5  Summary 
This chapter described major factors that have been taken into consideration for designing the gain 
and saturable absorber sections of monolithically integrated MLLs. The bandgap, strain, thickness, 
doping of both active layers and SCH were optimized independently to achieve desirable SOA and 
EAM performance. 
For the gain material operating at 1.55 μm, a single narrow InGaAs(P)/InAlAs/InP QW (or a stack 
of InAs/InP QD layers) within asymmetric barrier layers were proposed. Owing to the large band 
discontinuity, an improved internal efficiency and low threshold current were predicted compared to 
InGaAsP-based conventional c-QW SOA. The simulation study revealed a rather moderate population 
inversion (and saturation energy) for long 10 GHz MLLs due to the high gain coefficient. The 
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possibility to increase these parameters using an offset QW SOA design was discussed. An 
asymmetric waveguide structure based on AlInGaAs and InGaAsP materials was shown to have 
beneficial carrier transport properties while maintaining low losses, proper optical confinement and 
symmetric optical field.  
The InGaAs/AlInGaAs shallow MQW QCSE-based EAM with reduced carrier confinement and 
stepped SCH energy bandgap profile was chosen to perform absorber functions with enhanced 
absorption recovery under reverse biasing.  
The SCH structures of the SOA and EAM were optimized to achieve maximal mode overlap 
required for low internal reflection on the interface between the sections. The reflectivity was shown 
to be 6×10
-5
 for ideal vertical coupling, and further minimization using an angled interface is 
considered. In order to reduce optical losses, the optimization of the doping profile of the cladding 
layers was performed taking into account strong Zn diffusivity. 
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Chapter 4  
Fabrication of Integrated Mode-Locked 
Lasers  
In this chapter, the growth of the designed epitaxial structures as well as the fabrication of mode-
locked lasers operating in the 1.55 um telecommunication range is discussed. The first section gives an 
overview on metal-organic vapour phase epitaxy (MOVPE). Particular emphasis is placed on the 
growth of QDs since the growth conditions have a strong influence on the morphology and 
composition of QDs, which in turn determine optical and electrical properties of the material. 
The second section describes the butt-joint regrowth scheme applied for the realization of 
monolithically integrated SOA and EAM sections. Due to the strict demands on low intracavity 
reflection and coupling losses, the closest attention is paid to the quality of the coupling interface. A 
complete investigation of the structural, compositional and optical properties is presented.    
At the end of the chapter, the process flow used for the fabrication the MLLs is outlined. A detailed 
description is addressed in Appendix B.  
4.1  Epitaxial Layer Growth 
4.1.1  MOVPE Growth Process 
The realization of the designed MLL structures was performed using the MOVPE system available 
at DTU Danchip. The MOVPE technique allows for deposition on a single crystal substrate of thin 
semiconductor films of excellent crystalline quality and compositional uniformity with abrupt 
interfaces between layers, as required for QW growth, and controllable doping level. The growth 
process is based on a complex interaction between the heated substrate and vapors of volatile 
molecules containing constituent elements of the growing film, or precursors. The used precursors for 
the deposition of III-V semiconductors are typically the simplest metalorganic compounds (group III 
alkyls) and group V hydrides. Control over the growth process requires understanding of the main 
growth mechanisms coming into play in MOVPE. An introduction to the basic principles to the 
MOVPE technology can be found e.g. in [185]–[187]. Briefly, the MOVPE can be described as follows 
(see Figure 4.1): 
 Mass transport of precursors to the growing surface by a carrier gas;  
A gas mixture, composed primarily of the carrier gas (typically H2 or N2) and precursors, is 
injected into the MOVPE growth chamber and delivered to the substrate by a laminar gas flow. The 
laminarity is ensured by a proper design of the reactor configuration. Just above the hot growing 
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surface, the convective flow is negligible, and transport of the precursors toward the surface occurs by 
diffusion driven by the temperature and concentration gradient. The formation of this boundary 
(stagnant) layer is an essential condition for achieving uniform material distribution across the 
substrate.  
 Thermal decomposition (pyrolysis) of the delivered precursors into the elemental species within 
the stagnant layer and at the hot surface;  
Decomposition of group III alkyls is typically stagewise and can be completed at temperatures 
below the optimal growth range (550 - 700°C for InP), whereas the pyrolysis temperatures for group V 
hydrides are usually much higher (~ 850°C for PH3). In this case, the surface acts catalytically and 
facilitates precursor decomposition [187]. In order to minimize other reactions, which can take place 
within the stagnant layer and negatively affect the material quality, the growth is typically carried out at 
a low pressure (10 - 100 mbar). 
 Surface reactions: adsorption, incorporation, desorption; 
The arriving to the substrate atoms or radicals can be adsorbed by establishing a weak physical 
bond with surface atoms, and then migrate until being incorporated into the lattice at the most 
energetically favorable position (kink and step sites) or by nucleation with another atom via strong 
chemical bonding. In another case, the atom desorbs back into the vapor. The preferential growth of a 
solid film over evaporation is governed by thermodynamics, while the growth rate is determined by 
kinetics of the incorporation process.  
Depending on the growth temperature, deposition can be limited either by the diffusion of 
precursors through the boundary layer to the surface at moderate temperatures (the diffusion limited 
regime), or kinetically limited, e.g. at low temperatures, when the activation energy of bond formation 
is a determinal factor. At elevated temperatures, the enhanced desorption of the species from the 
surface deters growth (the desorption limited regime). Moreover, the probability of parasitic reactions 
in the gas phase increases with temperature. An operation in the diffusion limited regime is preferable 
due to the low temperature sensitivity, thereby allowing for careful compositional control. 
 Transportation of the desorbed from the surface radicals and remained gases away via the 
exhaust system. 
A desired layer composition can be obtained by mixing precursors of relevant III and V elements 
in a ratio accordant to the elemental concentration in solid phase. The control is carried out by setting 
predetermined fluxes of each precursor. The high quality epitaxy implies strict condition on the lattice 
 
Figure 4.1: Schematic illustration of main processes occurring during MOVPE growth [186]. 
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parameters of the grown alloys, which should match the lattice constant of the substrate. The growth of 
mismatched layers, or so-called pseudomorphic growth, can be performed if the thickness of the layer 
does not exceed the critical thickness given by a strain value (e.g. used in growth of strained QWs) 
[188]. Above the critical thickness, lattice relaxation yields the surface corrugation, bending, and the 
formation of dislocation. An independent variation of the lattice constant and energy bandgap in a wide 
range is feasible using quaternary compound semiconductors. However, the miscibility of grown 
compounds should be taken into account. Behind the miscibility range, thermodynamically unstable 
compounds can experience destructive phase segregation [136]. 
Doping of an epitaxial layer is attainable by introducing a dopant precursor to the gas mixture in an 
appropriate concentration. As exemplified in Section 3.4 for Zn doping, a free carrier concentration can 
differ from a dopant concentration, because of it depends not only on the decomposition and 
incorporation efficiency, but also on the dominant incorporation mechanism and dopant activation 
energy for defined growth conditions. Thus, the saturation of the electrically active dopant 
concentration occurs at sufficiently high dopant flows. Moreover, the free carrier concentration profile 
can be affected by detrimental processes such as dopant diffusion increasing with temperature, 
passivation by hydrogen leading to reducing of the level of activated dopants, interaction between 
dopants and adsorption from the hot surface.  
4.1.2  Growth of QW SOA and MQW EAM Structures 
The design epitaxial structures of the SOA and EAM were grown on epi-ready (100) S-doped InP 
substrates using a low-pressure (60 Torr) 3 x 2-inch vertical Turbodisc® MOVPE system (EMCORE 
D125). Epitaxial layers have been produced using trimethylindium In(CH3)3 (TMIn), trimethylgallium 
Ga(CH3)3 (TMGa) and trimethylaluminum Al(CH3)3 (TMAl) as group III precursors, and arsine AsH3, 
phosphine PH3, and tertiarybutylphosphine (TBP) as group V sources and hydrogen (H2) as carrier 
gas. N-type and p-type doping up to 10
19
 cm
-3
 and 1.5×10
18
 cm
-3
 for InP, respectively, was realized 
using disilane Si2H6 and diethyl zinc Zn(CH3)2 (DEZn). The possibility of in-situ InP etching was 
available with tetrabromomethane CBr4 [189]. 
The growth pressure, total gas flow and susceptor rotation speed were kept constant at 60 Torr, 
9500 sccm and 1000 rpm, respectively, as the optimal conditions for the current reactor configuration. 
These parameters ensure laminar gas supply in the growth chamber and formation of a stagnant 
boundary layer. The growth pressure of 60 Torr is low enough to suppress parasitic reactions in the 
gas phase (in the used temperature range). As explained in the following, a lower pressure can be used 
to advantage in selective area growth (SAG) process for reducing mask overgrowth [190]. However, 
this effect could not be applied in the work due to the limited reactor capabilities. 
The growth temperatures of 610°C for InGaAs(P) alloys and 650°C for AlIn(Ga)As compounds 
and a high group V to group III flow ratio ranged from 80 for InGaAs to 145 for InP were used in 
order to perform deposition in the diffusion limited regime. An elevated temperature for the growth of 
Al-containing compounds was chosen due to the high probability of oxygen and carbon incorporation, 
acting as non-radiative recombination centers [146], [191]–[193]. Generally, the presence of oxygen 
is attributed to TMIn source (solid) due to the difficulties in purifying compared to TMAl or TMGa 
source (liquid). Another reason is to enhance the diffusion of Al species. Because of TMAl exists 
partially as a dimer in contrast to TMIn and TMGa molecules, the decomposition process is more 
complicated resulting in a lower mobility of Al result and increased surface roughness. The possibility 
of low-temperature growth at 600°C was demonstrated in [194], where the low V/III ratio of 30 was 
used to encourage longer surface migration and achieve better layer uniformity. Another approach 
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was applied in [195] where the surface roughness is believed to be improved by the following growth 
of thin 5 Å GaAs layer. 
An excess partial pressure of the group V precursors is used to compensate fast desorption of 
group V atoms from the surface back to the gas phase and, therefore, prevents decomposition of the 
grown film from the stoichiometric composition. In addition, the probability of unintentional p-doping 
related to carbon incorporation reduces at high V/III ratios. The growth rate is defined by 
incorporation of the group III atoms proportionally to the precursor molar flow (at high group V 
overpressure). For the given conditions, for InGaAsP alloys the rates were measured between 0.5 
nm/s for InP and 1.0 nm/s for (Al)InGaAs depending on the composition.  
Upon the listed parameters, the QW SOA and MQW EAM were grown. The favorable for the QDs 
growth conditions typically lie beyond the optimal ones [196], what will be discussed irrespectively of 
the above in Section 4.1.3. The details of the epitaxial structures: composition, growth temperature 
and doping level are presented in Appendix A. Prior the growth of an actual structure, the substrates 
were preheated at 650°C for 15 min under PH3 atmosphere in the growth chamber for deoxidation 
followed by deposition of 0.8 μm thick n+-InP buffer layer on blank InP substrates to achieve a 
smooth surface [197]. The layer compositions and uniformity were characterized by room temperature 
photoluminescence (RT PL) and X-ray diffraction (XRD) measurements. The in-plane strain for 
lattice-matched layers were assumed to be better than Δa
┴
/aInP < 2×10
-4
 (corresponds to XRD peak 
separation between the layer and InP substrate < 50 arc sec). 
Figure 4.2 shows typical PL spectra and peak wavelength map acquired on a wafer consisting on 
integrated MQW EAM (the dominant area coverage) and QW SOA (insets) materials obtained using  
 
Figure 4.2: Example of RT PL peak wavelength map  and corresponding PL spectra of integrated 
3.5 nm InGaAs QW SOA and MQW EAM sample. For comparison, 7 nm InGaAsP QW SOA 
spectrum is presented. 
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980 nm CW laser as an excitation source with a resolution of 0.1 mm. The spectra of SOAs were 
obtained before the integration with a resolution of 1 mm. 
The spectral broadening attributed to a narrower 3.5 nm InGaAs QW compared to wider 7 nm 
InGaAsP QW grown on top of the InP barrier is related to the memory effect between group V 
elements (As/P exchange) at high V/III ratio, and hence undulation of the heterostructure interface. 
The thickness and compositional variation shifts the quantization levels stronger in such a narrow QW 
[198], [199].  
Additional uncertainty is due to the need of the fast temperature ramp from 650°C (AlGaInAs 
layer growth) down to 610°C (QW growth) as shown in Figure 4.3. To improve layer uniformity and 
reproducibility, the change of the temperature was performed during the growth interruption for 1 min 
under PH3 for temperature stabilization and 1 s under AsH3 atmosphere for switching of P to As at the 
heterointerface. Due to the more efficient substitution of As atoms by P observed in experiments 
[200], the growth of the InAlAs barrier after InGaAs QW on InP is beneficial for achievement an 
abrupt QW interface. 
 
Figure 4.3: Schematic of the QW SOA structure and the growth temperature profile. The red 
dashed lines shows modulation during temperature ramp. 
4.1.3  Quantum Dot Growth 
The QD material studied in the work was grown in a self-assembled (Stranski-Krastanov (SK)) 
mode schematically presented in Figure 4.4. The principle is based on elastic strain relaxation 
occurring on the surface when a lattice-mismatched layer is being grown. Beyond a strain dependent 
critical layer thickness (typically around a few monolayers (ML
4
) for InAs/InP) reduction of the 
surface free energy starts to favor three-dimensional (3D) nucleation against 2D growth and the local 
growth rate enhancement [201]. Formed nanostructures embedding into a higher band gap material 
exhibit 3D carrier confinement and quantization of the energy states, which are attributed to QDs. Due 
to intrinsic self-defined nature of the process, a SK-grown QD ensemble typically has a significant 
size distribution and complex compositional profile, giving a strong inhomogeneous broadening of 
electronic and optical properties. 
 
Figure 4.4: Schematic of the growth process of self-assembled QDs in the Stranski-Krastanov 
mode [19]. 
                                                     
4
 ML - monolayer, equals to a half a lattice constant for crystals with a Zinc Blende structure  
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Recently, great advances have been achieved in growth of InAs/GaAs QDs covering 1 - 1.35 µm 
spectral range [202]. The growth of In(Ga)As/InP QDs which are of interest for applications at 1.55 
µm has remained challenging. The problem originates from the lower lattice mismatch of 3% existing 
between InAs and InP comparing to 7% inherent to InAs/GaAs system and the group V exchange at 
the interface [203]. Therefore, SK growth of InAs on an InP substrate typically results in the 
formation of large, flattened QDs or elongated QDashes or QWires (e.g. [204]) with an inherently low 
carrier localization and small separation between energy levels. The wavelength of big QDs is often 
much beyond the 1.55 µm range. Thus, the development in the growth of InAs/InP QDs is focused on 
improvement of the spatial aspect ratio and size distribution, while small volume QDs are required for 
achieving laser emission at 1.55 µm. 
The development and growth of the QD material used in this work were performed by Prof. Dr. E. 
S. Semenova using the MOCVD system and the sources specified in Section 4.1.2. The following 
sections present the current results on the QD material been achieved during this PhD project.  
GaAs capped InAs QDs in the InGaAsP matrix 
The first set of QD SOA was grown using the QD capping technique described in [205], [206]. 
The QD SOA structure consists of three layers of 1.65 ML QDs of InAs capped with a thin 1.7 ML 
GaAs layer reducing a residual strain and a subsequent 10 nm PQ(1.08) spacer layer. Growth of the 
layers was performed at 515°C with V/III ratio of 5. It was shown that the given growth condition 
favours the growth of smaller QDs with a larger density due to the reduced surface migration. The QD 
layers were separated by 60 nm of PQ(1.08) barrier layers and embedded between 190 nm thick 
undoped PQ(1.08) waveguide layers grown at 610°C.  
A schematic of the structure is illustrated in Figure 4.5 (a). Cross-sectional and plane view 
scanning transmission electron microscopy (STEM) images are presented in Figure 4.6 (b) and (d), 
respectively. The brighter region corresponds to As atoms within QDs, which has the higher atomic 
number, compared to lighter P atoms composing the surrounding matrix. An overview of the 
application of the STEM technique to the morphological and compositional analysis of QW and QD 
nanostructures can be found in [10]. For comparison, Figure 4.6 (a) and (c) show the QDs grown 
without the GaAs capping layer. 
The STEM investigation showed a lens shaped profile of GaAs-capped QD with the average 
height and base diameter of 2.0 ± 0.2 nm and 23.5 ± 1.8 nm, respectively, against 3.1 ± 0.2 nm 22.65 
± 2.0 nm obtained for QDs without GaAs capping. The reduction of QD size distribution in the 
growth direction occurs due to material redistribution during the growth [207]. By optimizing the  
 
Figure 4.5: Schematics of the QD SOA structures with (a) GaAs capped InAs QDs in a PQ(1.08) 
matrix and (b) InAs QDs buried by AlQ(1.07) layers embedded in an asymmetric waveguide core. 
The growth temperature for each layer is shown in the brackets. Sequences with the sigh ”+” 
within one layer should be read as a bilayer with different growth temperatures (from the left to 
the right). See the detailed epitaxial layer structures in Appendix A4 and A5, correspondingly. 
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Figure 4.6: Cross-sectional and plane view STEM images of QDs formed from depositing 1.65 ML 
of InAs in an InGaAsP matrix and capped with: (a), (c) InGaAsP and (b), (d) 1.7 ML of GaAs 
followed by InGaAsP; (c) and (f) InAs/InP QDs deposited under tailored growth condition. 
GaAs thickness, the emission wavelength was shifted from > 1.7 µm for QDs without GaAs to the 
target wavelength of 1.55 µm for 1.7 ML thin GaAs capping. 
The STEM investigation showed a lens shaped profile of GaAs-capped QD with the average 
height and base diameter of 2.0 ± 0.2 nm and 23.5 ± 1.8 nm, respectively, against 3.1 ± 0.2 nm 22.65 
± 2.0 nm obtained for QDs without GaAs capping. The reduction of QD size distribution in the 
growth direction occurs due to material redistribution during the growth [207]. By optimizing the 
GaAs thickness, the emission wavelength was shifted from > 1.7 µm for QDs without GaAs to the 
target wavelength of 1.55 µm for 1.7 ML thin GaAs capping. The corresponding RT PL spectrum and 
peak wavelength map obtained using for excitation 532 nm CW laser is demonstrated in Figure 4.7. 
The PL emission is centered around 1550 nm. The FWHM is 170 nm (88 meV).  
(a) 
 
 
(b) 
 
Figure 4.7: RT PL spectrum (a) and peak wavelength map (b) of InAs/InGaAsP/InP QDs capped 
with thin GaAs layer. 
Chapter 4. Fabrication of Integrated Mode-Locked Lasers 45 
 
 
The low aspect ratio of these QDs results in a small separation between the energy levels and poor 
carrier confinement due to the affinity to a wetting layer (“shallow” QDs) as described in Section 2.4. 
Figure 4.8 shows the ground-state and excited-state transitions for a single QD calculated using a 
simplified model in terms of 8-band k*p theory [208]. The GaAs capped QDs exhibit 40 meV energy 
separation (red curve) and 50 meV for the QDs grown without GaAs (green curve). In combination 
with homogeneous broadening at room temperature and strong inhomogeneous broadening of an 
ensemble, it results in smearing of the spectrum over energy.  
 
Figure 4.8: 8-band k*p theory calculation at 7 K of a ground state and excited state transitions for 
“large” InAs/InP QDs emitting above 1.6 µm wavelength (red solid curve), InAs/GaAs/InP QDs 
demonstrate shallow shape (green dashed curve) and “small” InAs/InP QDs grown under tailored 
growth regime, suppressing surface diffusion (blue dotted curve) [209]. 
InAs QDs in the InP and AlGaInAs matrix  
Further development was aimed to refine the control on the QD aspect ratio and carrier 
confinement, while keeping the small QD volume for the designed operating wavelength. The poor 
electron confinement originates from the low conduction band offset attributed to the QD grown in 
the PQ(1.08) barriers. Inserting the InAs QD within a wider bandgap matrix, such as InP, increases 
potential barrier. These situations are presented in Figure 4.9 (a) and (b), respectively, which give 
qualitative evaluation of carrier confinement by a simplified calculation of the band diagrams. The 
QDs are represented by thin In0.9Ga0.1As QW layers without taking into account the strain relaxation 
effects. The composition of the QWs was tailored to get the emission wavelength at 1.55 µm with 
knowledge of the QD average height from the STEM experiments for (a) and (b) cases.  
Figure 4.9 (c) shows the most favorable situation, when QDs are buried in AlGaInAs layer with a 
high band offset for electrons on one side, and reduced barrier in the valence band favourable for hole 
injection on the other. The non-uniform carrier distribution reduces the gain, and increase carrier 
dependent losses [210]. For example, the InAs QDs in high InP barriers were shown to have higher 
the threshold current density compared to the InAs QDs in InGaAsP due to the inhibited vertical 
carrier transport [211]. Moreover, AlGaInAs compounds have a higher refractive index than InP and 
therefore, offers better optical confinement. The sketch of the proposed SOA with InAs/AlGaInAs 
QD active medium embedded in ABLs and asymmetric WLs is depicted in Figure 4.5 (b). From the 
fabrication point of view, deposition of InAs QDs onto an AlGaInAs layer has another advantage in 
eliminating the group V exchange. A high ground-to-first-excited-state energy separation of 65 meV 
and improved lasing characteristics were reported for InAs/AlGaInAs QDs grown by molecular-beam 
epitaxy in [212]–[215] . 
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    (a) 1.95 nm QW in InGaAsP   (b) 2.35 nm QW in InP    (c) 2.45 nm QW in AlGaInAs 
 
Figure 4.9: Calculated bandgap diagram of thin In0.9Ga0.1As QWs representing QDs buried in 
the (a) InGaAsP, (b) InP and (c) AlGaInAs matrix. QD layers in (b) and (c) are embedded in the 
ABLs and asymmetric WGs (see Section 3.2). Insets show the confinement of electrons (c) and 
heavy holes (hh) on the ground states. 
In practice, the MOVPE growth of QDs on AlGaInAs layer is challenging due to the large 
difference in the preferable growth temperatures for AlGaInAs (650°C) and QDs (< 500°C) in 
MOVPE. The re-evaporation of the QD material during the long temperature ramp can be avoided by 
covering with thin InP layer at low temperature. If the layer is transparent for carrier tunneling, the 
time for the filling of QD will depend on the tunneling efficiency and, in this wise, can be potentially 
extended, which is beneficial for MLLs. Another important issue is related to surface roughness of 
AlGaInAs material upon a QD layer due to the difference in group III atom behavior, and, in 
particular, low surface migration of Al as discussed in Section 4.1.2.  
The recent results on growth of the InAs QD in InP matrix showed a higher aspect ratio and 
smaller QD size in comparison with GaAs capped QDs, which clearly seen in Figure 4.6 (c) and (f). 
The InAs/InP QDs are 2.34 ± 0.16 nm in height and 13.6 ± 1.0 nm long in the [-110] direction and 
18.7 ± 1.6 nm in the [-1-10] direction. The theoretical calculation predicts an increase in the ground 
and excited state separation up to 70 meV as shown in Figure 4.8 (blue curve). The improvements are 
resulted from the reduced growth temperature down to 485°C and suppressed QD segregation 
associated with GaAs capping. A detailed discussion can be found in [209].  
The first results on growth of the QD SOA structure consisting of two layers of 5 nm InP capped 
InAs QDs in the AlGaInAs barriers (Figure 4.5 (b)) revealed an significant increase of the peak 
wavelength distribution across the wafer up to 1.7% (Figure 4.10) compared to 0.5% the GaAs capped 
QDs (Figure 4.7). The problem is presumably originated firstly, from the reduced mobility at lower 
temperature, and secondly, from the high surface roughness and low planarization capability of 
AlGaInAs compared to InP and InGaAsP alloys. The discrepancy between the two QD layers 
indicated as two equally broadened overlapping PL peaks of different intensity across the wafer was 
observed. Therefore, the latest advances in growth of InAs QD material in InP and AlGaInAs matrix 
showed their perspective for laser application. However, no device fabrication from the wafers 
consisting of these types of QDs was carried out during the work on this Ph.D. thesis.  
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(a) 
 
(b) 
 
Figure 4.10: RT PL spectrum at the center point (a) and peak wavelength map (b) of the InAs QDs 
grown in the InAlGaAs matrix. 
An alternative solution is MOVPE selective area etching and growth using e-beam or block 
copolymer lithography [216]. This method does not rely on the strain relaxation process, and thereby 
can be potentially employed for the design of QD shape and composition, and ultimately for control 
over its energy state configuration. The development of the block copolymer lithography was partially 
done at DTU Fotonik during this Ph.D. study, and the preliminary results on selective area growth of 
the QDs employing block copolymer lithography can be found in [209], while the MOVPE in-situ 
etching and growth processes were studied in [217].   
4.2  Butt-Joint Integration 
Monolithic integration of the SOA and EAM section was performed by MOVPE selective area 
growth (SAG) on a non-planar substrate, known as butt-joint regrowth (BJR). The BJR scheme 
involves three main steps: growth of one type of epitaxial material, its partial removal by patterning 
with a dielectric mask, and growth of an alternative material on the opened from the mask area. This 
approach offers the highest degree of flexibility in integration of diverse epitaxial structures on a 
single chip compared to the other integration schemes, such as planar SAG, quantum well 
intermixing, offset and dual QW growth. A good comparative overview of the different technique 
available for the realization of photonic integrated circuits and relevant examples can be found in 
[137], [218]. 
Integration of semiconductor optical components has been developing intensively from the early 
80s and has been successfully implemented for fabrication of buried heterostructure lasers and 
photonic integrated circuits for  telecommunications applications based on the conventional InP-based 
InGaAsP and AlGaInAs material systems [2], [137]. However, monolithic integration of AlGaInAs-
based devices has been limited due to the strong tendency of Al-containing alloys to oxidize [192], 
[193], [219]. Improvements in the precursor purity, namely trimethylaluminum and trimethylindium, 
as well as in the quality of the equipment employed for MOVPE in the past decades have made 
possible the growth of high-quality Al containing layers [193]. In case of BJR, the process requires 
partial removal of an as-grown material, therefore, exposed to air mesa sidewalls composed of 
AlGaInAs material may result in AlOx formation. Formed AlOx on mesa block facets may act as 
micro-masking and induce structural defects at the BJR interface. These imperfections give rise to 
excessive optical and carrier losses, as well as intracavity reflection.  
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In particular, minimizing reflection back to the waveguide is of high importance for stable 
operation of integrated waveguide devices. Even a small internal reflectivity leads to lasing 
wavelength instability and frequency chirp in distributed-feedback lasers integrated with EAMs 
[220]–[222]. This is more crucial for monolithic MLLs, where such an optical feedback leads to 
detrimental multicavity effects, for instance the multipulsing regime reported in [134]. An acceptable 
level of reflectivity, e.g. for MLLs, has been estimated to be below 10
-5
 [223]. The low reflectivity 
between integrated active optical components of about 10
-5
 per interface was obtained by realizing an 
angled interface was reported in [174], while exhibiting high internal losses of 1.5 dB.  In comparison, 
the reflectivity down to 0.5×10
-5
 and 0.46 dB losses were demonstrated for active – passive 
integration in [224]. Thus, achievement of low internal reflectivity along with high mode coupling is 
required for fabrication of the next-generation optical devices. Besides that, crystal defects contribute 
to the carrier losses as deep-level recombination centers reducing the quantum efficiency. 
Another requirement concerns the surface flatness, which is difficult to achieve in the BJR due to 
the mask effect described below. First, a non-planar surface contributes to light scattering. Secondly, 
the surface quality is essential from the technological aspects for further device processing, which will 
be discussed in Section 4.3.  
One more issue is of high importance for the realization of photonic integrated circuits. The 
increased demands on more functionality along with compactness requires the composition uniformity 
and associated invariability of optical properties within one section or device when all-active 
integration is performed. 
In following sections, an overview of BJR process is given, and influence of the growth 
parameters on the growth morphology and compositional profile is discussed. Next, the integration 
process developed for this work is described. To validate the applicability of the used approach for the 
fabrication of MLLs with respect to the given requirements, complete investigation of martial 
properties, such as the crystalline perfection, morphology, composition uniformity and optical 
properties on the coupled interfaces, is presented.  
4.2.1  Selective Area Growth and Growth Rate Enhancement 
The selectivity of growth of semiconductors against dielectric material in MOVPE SAG is a well-
known effect originates from the difference between the surface kinetic of semiconductor and 
dielectric materials. Because of the surface has a catalytic effect on precursor decomposition, the 
growth species cannot be fully cracked and incorporated upon the amorphous glass surface
5
, leading 
to an excessive concentration in the adjacent to the mask area over the substrate. The resulting 
gradient forces the precursors and radicals to migrate towards the mask openings (Figure 4.11 (a)). 
The limited vapor phase diffusion (VPD) of the precursors enhances the growth rate in the adjusted to 
the mask. With respect to the growth conditions, the growth rate enhancement (GRE) vanishes in the 
range from a few tens to hundreds of microns away from the mask edge [225]. The magnitude of the 
GRE depends linearly on the mask area [226], [227]. At the closest vicinity, a significant material 
piling can be observed due to the shorter (up to a few microns [228]) migration of the adatoms over 
the surface (Figure 4.11 (b)).  
                                                     
5
 For standard growth conditions. In case of classical Molecular Beam Epitaxy, where elemental atoms are used 
for growth, the process results in the formation of a polycrystalline film on the dielectric surface.  
Chapter 4. Fabrication of Integrated Mode-Locked Lasers 49 
 
 
 
Figure 4.11: (a) Schematic of the diffusion and migration processes during SAG and (b) a cross-
section SEM image of the first BJR integrated material.  
The growth evolution is typically described in terms of the VPD model (see e.g. [229]–[231]) 
through the effective diffusion length D/ks, as a characteristic parameter, where D is the diffusion 
coefficient in vapor phase, and ks is the flux of source material ongoing a phase change from vapor to 
solid. This process depends on the probability of surface reaction, and, owing to the difference in the 
diffusion and sticking coefficient specific for each material. It results in a divergent composition near 
the mask compared to the nominal one. In combination with the thickness variation, it allows for 
bandgap engineering, e.g. of QWs based on ternary and quaternary compounds within a single growth 
step by varying mask geometry (planar SAG) [137], [232]. To evaluate the local growth enhancement 
and profile at the mask edge, the surface migration of the precursors from the dielectric mask must be 
considered along with VPD [233], [234], [228]. 
Beside these aspects, achievement of uniform layer deposition on the one hand, and a planar 
interface on the other have been considered one of the biggest challenges of both the BJR and narrow-
stripe SAG processes. Two main approaches have been applied so far to circumvent material piling. 
The most straightforward solution for BJR is to compensate the excess material arriving from 
dielectric by etching a cavity below the mask. However, the migration length of the species can be not 
sufficiently long to be transported under the large mask overhang, and consequently, voids can be 
created [133], [235], [236]. Another way is suppression of the GRE near the mask edge by promotion 
of longer diffusion. It requires optimization of the MOVPE conditions affecting on surface migration 
and vapor phase diffusion. 
 Growth pressure and temperature 
The vapor phase diffusion is strongly dependent on the chamber pressure. The kinetic theory of 
gases predicts an increasing of the vapor diffusion D with reducing the growth pressure p: 
 
  
     
  ⁄
   
 
 
(4.1) 
where T is the growth temperature, kB is the Boltzmann’s constant and σ is the collision cross section 
of the diffusing molecule. At high pressure, the probability of collision becomes higher and hence, the 
mean-free path is shorter. A planar BJR regrowth at low growth pressure of 20 mbar was 
demonstrated in [237]. In a minor way, diffusion increases with temperature.  
The atomic sticking probability and the residence time to incorporation, which determine the 
surface migration, are defined by a characteristic activation energy, and thus, temperature dependent. 
Decreasing the growth temperature reduces surface migration. However, experimental observations in 
[238], [239] showed an increase in the coefficient ks with temperature (smaller effective diffusion 
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length). In this case, the other growth parameters should be included in the discussion due to the 
complexity of the MOVPE processes.   
 Composition 
Because of group III precursor molecules are approximately similar in size (equal collision 
diameters σ in Eq. 4.1), the dependence of the composition on diffusion in the gas phase D is expected 
to be negligible [240]. However, much evidence points to the conclusion of spatial inhomogeneity of 
the group III composition. In particular, the results showed that the effective diffusion length D/ks is 
larger for Ga than for Al and the shortest for In species [225], [241], [242]. Thus, a higher In 
concentration in the vicinity to the mask is typically observed. The sticking probability of In species is 
two - three times larger than Ga [243]. However, the difference in the sticking coefficient makes a 
minor contribution to the effect of compositional distribution. In fact, TMIn molecules are less stable 
than TMGa (lower decomposition temperature) and can be decomposed faster. Due to the higher 
diffusion coefficients of decomposed molecules, the excess In material can be consumed more 
efficiently at the mask edge, giving a rise to higher In content [244]. Studies also show the 
dependence on group V composition. In incorporation is found to be more efficient on P terminated 
surface than on As one in [239]. An increase of the Ga incorporation rate with increasing of As 
content in InGaAsP alloys was reported in [227]. The result is consistent with an assumption of the 
catalytic influence of the group V decomposed molecules on group III precursors. 
 Crystallographic orientation 
Besides the growth conditions, the sticking coefficient and growth rate diverge for different 
crystallographic planes. The anisotropy is a result of a specific electronic configuration and 
availability of bonding sites, which are defined the adsorption probability and incorporation (or the 
activation energy). For instance, the preferential growth behavior arises for the (100) plane against 
{111} planes. The (100) plane has two electrons established the binding to the crystal and two 
dangling bond participating in chemical reactions, while on {111} planes each atom is bound by three 
electrons and only one dangling bond is available. The reduced amount of the adsorption sites leads to 
a significant growth suppression on the {111} planes. Taking into account the compositional 
dependence of the decomposition and incorporation processes, the deposition of ternary and 
quarternary alloys, such as InGaAsP, is hampered comparing to InP, if the exposed surface is formed 
by {111} crystallographic plane [245]. 
In the absence of a symmetry center in zinc-blende crystals like InP, <111> directions have a polar 
nature, resulting in the nonequivalence of the etching and growth properties [246]. Specifically, the 
{111}A planes terminated by group III  atoms are more stable to chemical reactions since three 
electrons of an In atom are bounded to the crystal. The {111}B planes are consisted of group V atoms 
and have two spare electrons on the dangling bond and, thus, typically more reactive in etching. 
However, these electrons create a high potential barrier impeding atom incorporation. Therefore, the 
growth is suppressed on {111}B, while moderate growth can occur on the {111}A planes [244]. For 
the growth conditions in [20], the surface migration length on an (100) InP surface was estimated of 
In and Ga species to be about 1 µm and 8 µm, respectively. On {111}B, the migration of In was 
larger, 1.4 µm.  
The effect of the growth rate suppression on {111} planes is often utilized to reduce overgrowth at 
the mask edge. The developing of the {111} facet can be obtained in a self-limiting manner during 
preferential wet etching of a waveguide core [237]. However, to achieve complete planarization, low 
growth pressure (20 mbar) was required to enhance diffusion of spices from the masked area. 
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Another approach is to grow on initially misoriented substrates (toward the (111)B plane), which  
was shown to improve growth behavior, e.g. in case of chemical beam epitaxy in [247]. However, 
growth of active material on alternative to (100) substrates complicates further device processing. 
 V/III molar flow ratio and growth rate 
Higher growth rates or relatively low V/III ratios support fast incorporation, and, therefore, lower 
the surface migration length is expected on the (100) plane. However, the effect is dependent on the 
crystallographic orientation, growth temperature [248] and other surface conditions. Thus, the 
overgrowth suppression in the vicinity of the mask at lower growth rate was demonstrated in the SAG 
process in [190]. 
 Surface conditions 
The migration behavior on a local scale can be affected by the other factors, such as strain, surface 
curvature and compositional inhomogeneity [249]. The lateral change of these parameters creates a 
potential gradient, which forces species to diffuse towards the area with lower potential. The 
enhanced growth rate upon the locally induced strain was applied for growth of QDs, known as  the 
stressor approach [250], or utilizing the capillarity effect growth of QWires and QDs on V-grooved 
substrates [251].  
In this work, the waveguide core of the QW SOA to be regrown is asymmetric and composed of 
AlGaInAs and InGaAsP material, which does not allow for formation of {111} planes directly by 
selective wet etching, and rather highly developed topology of the mesa sidewall is expected. The 
change of the growth parameters depends on the capabilities offered by an epitaxial growth system 
and may complicate control over the growth. Therefore, an optimization of the integration process and 
all growth steps were carried out under the optimal growth conditions listed in Section 4.1.2.  
4.2.2  Butt-Joint Regrowth: Process Overview 
The MLL laser structures with integrated the SOA and EAM sections designed in Chapter 3 have 
been realized a three-steps MOCVD growth sequence illustrated schematically in Figure 4.12. The 
detailed process description can be found in Appendix B.1.  
First, the QW or QD SOA structure was grown and coated with a ~100 nm thick SiO2 layer using 
plasma enhanced chemical vapor phase deposition (PECVD) followed by the conventional ultraviolet 
(UV) photolithography and CHF3/O2 reactive ion etching (RIE) or, alternatively, wet etching in a 
buffered HF (BHF) solution, to pattern the surface with an SAG mask protecting selected SOA areas 
(Figure 4.12 (a)). The mask layout consisted of the 20 μm wide stripes oriented along the laser 
waveguide [011] direction. The edge of each stripe was 30° angled towards the [0-11] direction as 
depicted in Figure 4.13 to minimize back reflection from the interface. The width mask can be varied, 
considering that the amount of excess material is nearly proportional to the mask area on the one side 
[244], and a process tolerance on the other.  
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Figure 4.12: Schematic overview of the butt-joint regrowth process used for fabrication of the 
integrated MLLs with individually optimized SOA and EA sections. 
 
Figure 4.13: Mask orientation in a planar representation of cubic form (European-Japanese 
option). 
Mesa etching 
After pattering, the unprotected SOA material was etched by non-selective Cl2/CH4/Ar inductively 
coupled plasma RIE down to the InP buffer layer to form vertical mesa blocks (Figure 4.12 (b)). This 
was followed by isotropic wet etching in 1 HCl : 4 H3PO4 (by volume) of the buffer down to a 
sacrificial etch stop layer. Thus, a damage-free and smooth surface required for epitaxial growth was 
produced. The stop layer ensured precise vertical alignment with the regrown EAM structure. 
Moreover, etching revealed the {211} planes bounded to the base, which can be attributed to the 
waveguide crossing angle of 30°. The second wet etching with 1 H2SO4 : 8 H2O2 : 80 H2O was 
applied to remove AlGaInAs and InGaAsP compounds selectively, and, thereby, created a mask 
undercut in a controllable manner. The final mesa profile is presented in Figure 4.14 (a).  
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Figure 4.14: Cross-sectional SEM image of the QW SOA mesa edge etched for 25s with 
H2SO4:H2O2:H2O (1:8:80 VP) before (a) and after (b) in-situ annealing at 650°C for 15 min; (c) 
and (d) show corresponding µ-PL spectra. 
An alternative approach based on CH4/H2 RIE was examined in case of ICP-RIE inaccessibility. 
This method does not rely on a stop layer for alignment and can be employed for a multi-regrowth 
process. First, RIE was applied to etch down to the AlQ waveguide layer, which terminates the 
etching process (Figure 4.15 (b.1)). The selectivity of CH4/H2 RIE to AlQ originates from the low 
reactivity to the etchant and progressive polymer contamination of the surface prohibiting ongoing 
etching [240], while an addition of oxygen, typically used to remove polymers, resulting in rapid Al 
oxidation. The moderate AlQ etching rates of a few nm/min without etching termination were 
demonstrated using CH4/H2/Ar RIE in [252]. After RIE, the AlQ layer was etched away by 1 H2SO4 : 
8 H2O2 : 80 H2O selectively to the InP buffer layer, and, simultaneously, an undercut was formed 
(Figure 4.15 (b.2)). However, uncompleted etching of the AlQ layer may lead to defect formation 
after regrowth as shown in Figure 4.16 (a) (see digital version). Therefore, overetching is highly 
recommended to achieve smooth regrowth surface (Figure 4.16 (b)). However, an introduction of a 
buffer layer, allowing for reduction of defects, can be limited by the design of epi-structures. 
 
Figure 4.15: Alternative SAG mesa etching process. 
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Figure 4.16: 3D optical interference profilometry6 top view images of the samples after regrowth 
prepared by CH4/H2 RIE: (a) uncompleted wet etching resulting in defects (in high contrast) and 
(b) with 15 s overetching time (cross-section SEM image is presented in Figure 4.19 (b)).  
Cleaning 
Prior the second growth the wafer was cleaned in oxygen plasma and etched in H2SO4 (conc.) for 5 
min to remove any organic contamination, surface damage, and a native oxide layer, and reduce carbon 
incorporation as suggested in [253]. The etch rate of InP was measured to be 5 - 7 nm/min. As shown 
in [253], etching in strong acid solutions reveals a hydrophilic surface with hydrogen passivated 
phosphoric bonds. During rinse in deionized water and N2 drying, a thin oxide coating is produced. To 
minimize oxidation, the loading time between the etching and regrowth must be as short as possible. 
To promote the residual AlOx deoxidation, the cleaning procedure was completed by a standard pre-
growth heating at 650°C in the MOVPE chamber under PH3 overpressure. The annealing time was 
shorten to 15 min compared to the 45 min recommended in [254], which was shown to be sufficiently 
effective by investigation of crystalline quality after regrowth (see Section 1.2.4). The changes in the 
mesa topology were observed after the heating as a result of material redistribution as demonstrated in 
Figure 4.14 (b). The corresponding RT PL spectra are shown in Figure 4.14 (c), (d). The inspection 
revealed insignificant blue-shift of the peak position of few nm and broadening around 10 nm in 
average
7
 compare to the initial spectrum.  
Regrowth 
In the second growth step, the absorber structure with a MQWs active region was deposited 
(Figure 4.12 (c)). No parasitic nucleation on the glass mask was detected. The protective mask was 
removed by BHF wet etching, and the surface cleaning procedure was repeated. After that, the 
integrated SOA - EAM structure was overgrown with a 2 μm thick p-doped InP cladding and 
InGaAsP and InGaAs contact layers over the entire wafer. 
 
                                                     
6
 Due to the low lateral resolution (2.5 µm, max slope 21° at x20 magnification, PLu Neox 3D Optical Profiler 
Sensofar), the sharp features, such as a piling near the edge, were not defined correctly. For these measurements, 
standard stylus profilometry and SEM were used.  
7
 The estimation is rough because of the PL resolution of 0.1 mm is larger than the mesa width of 20 µm (RT, 
980 nm CW excitation)  
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4.2.3  Growth Morphology and Compositional Analysis 
In order to predict the growth morphology and estimate the material distribution at the BJR 
interface for the given growth conditions and the developed mesa topology, the QW SOA was 
regrown with a test structure consisting of a 50 nm InP buffer layer and a stack of repeating 50 nm 
thick InP and lattice-matched InGaAs for a total thickness of 950 nm, which is significantly thicker 
than the etched depth plus mask. To examine microscopic changes in the vicinity to the mask, 
scanning electron microscopy (SEM) and STEM imaging were employed. The elemental analysis was 
performed using energy dispersive X-ray spectroscopy (EDS) available in the STEM system. Our 
STEM and EDS analyses were carried out on an approximately 100 nm thin lamella prepared in the 
direction perpendicular to the angled mask edge, as shown in Figure 4.13, using focused ion beam 
milling.  
Figure 4.17 (a) shows the cross-sectional STEM image of the regrowth profile of the InGaAs/InP 
multilayer stack projected along the [013] crystallographic direction. At the first stage of the 
regrowth, below the mask level near the mesa edge (marker A), growth tends to occur with the 
formation of {311} or high index planes (indistinctly), such as {511}, {711}, etc., consisting of longer 
{100} terraces interleaved with {111}A steps, which is initiated by the exposed {211} facets at the 
bottom, and increased concentration of source molecules arriving from the dielectric mask. The 
growth of InGaAs is suppressed by a factor of 0.85 (on average), as seen from Figure 4.17 (b) for the 
markers A and B than on (100), which is consistent with [244]. This leads to the material pile-up  
 
Figure 4.17: (a) Cross-sectional STEM image of the InP/InGaAs test structure integrated with the 
QW SOA (Inset: BJ interface). The red dashed line shows the SOA mesa profile before regrowth. 
(b) Growth rate and absolute group III composition deviation of Ga in In1-xGaxAs from the 
nominal one obtained from EDS analysis at different points marked in the STEM image in (a). The 
error bars show the EDS experimental deviations with the average uncertainty of 4.5 ± 0.3%. 
observed within a 1 μm range from the mask. Above the mask level, the InGaAs layers form 
trapezoidal prisms terminated by the slowly developing {311} facets (marker D), while the InP 
growth displays a planarizing effect and, thus, a more smooth topology. This distinctive behavior was 
found to be in good agreement with the growth of InP and InGaAs on non-planar substrates reported 
in [229], where the tendency of InGaAs to restore low index planes during growth was also 
demonstrated.  
The EDS compositional analysis showed an increase in Ga concentration by a few percent near the 
mask edge (Figure 4.17 (b), markers A – E), while In-rich material is generally observed due to the 
shorter surface migration length [228], [242], [244]. Indeed, the Ga incorporation rate can be enhanced 
compared to In one for the growth of alloys with a higher As fraction, as demonstrated in [227]. 
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Moreover, non-planar growth is strongly dependent on the local differences in surface energy, e.g. 
attributed to the curvature in the undercut cavity, surface states, strain, etc. Minimization of the 
potential is the driving force for atom incorporation. Thus, the highest deviation of the InGaAs 
composition of 0.045 by mole fraction (equivalent to 0.34% in-plane strain) with respect to the nominal 
value was measured closest to the interface (marker A) and the bent areas (marker C), which is 
assumed to compensate the curvature effect. Comparing the A and B markers of the similar topology, 
strain reduction is clearly observed for overlying layers.  
The most pronounced material perturbation occurs in the mask undercut and directly at the interface 
as displayed in the inset of Figure 4.17 (a). The red contour outlines the mesa profile of Figure 4.14 (b). 
During the growth of the first layers (~ 200 nm in this case), the filling of the mask underetch occurs 
following by forming a bent up profile. The smeared intensity profiles of the InP/InGaAs interfaces in 
STEM images and the compositional profiles in the EDS spectra can be attributed to the spatially 
shifted transient interface region within the lamella due to a misalignment of ~3.4º between the mask 
edge and the crystallographic direction chosen for STEM as shown in Figure 4.13, as well as  
providing evidence for interfacial material intermixing [255]. Promisingly, no dislocations caused by 
phase segregation or related to oxidation of the AlGaInAs layer could be observed. 
The growth rate enhancement (GRE) of approximately 1.14% on the {100} planes for both InP and 
InGaAs layers near the interface (markers E, F), is associated with diffusion of the precursors in the 
vapor phase from the masked area inherent to the SAG process. This effect vanishes gradually within a 
few tens of microns as determined by 3D optical interference profiling. 
SEM images of the mesa profiles and BJR interfaces along both the [110] and [1-10] directions are 
presented in Figure 4.18. The inspection revealed a higher growth enhancement in [1-10] of 1.4/1.2 
(markers A/B) against 1.2/1.1 in [110] due to the larger mask covering per unit interface length than at 
the stripe edge considering that the vapor phase diffusion length is larger than a half of mask width 
[227]. 
The difference in mesa and growth profiles is consistent with crystallographic anisotropy discussed 
in Section 4.2.1. It is seen that the (211) facet formed by wet etching of the InP buffer layer (Figure 
4.18 (a)) favors more uniform layer deposition at the interface comparing to the steep undercutting 
(110) plane adjacent to the mesa base (Figure 4.18 (c)). 
Chapter 4. Fabrication of Integrated Mode-Locked Lasers 57 
 
 
 
Figure 4.18: Cross-sectional SEM image of the BJR interface between QW SOA section BJ 
regrown with InP/InGaAs test structure in the [110] and [1-10] direction (after stain etching). 
4.2.4  Regrowth Optimization 
The discovered tendency of the compositional dependency of growth rate was used to suppress 
mask overgrowth by controlling the ratio between the deposited InP and quaternaries and by adjusting 
the undercut volume. To find an optimal underetch the etch time was varied and the growth 
morphology (profile) was investigated by SEM and the stylus profilometer Dektak.  
Figure 4.19 and Figure 4.11 (b) present the examples of the BJR interface in the [011] direction for 
the situation of underetching (Figure 4.11 (b)) and overetching (Figure 4.19 (a)) resulting in material 
piling of 600 nm and – 350 nm, respectively. Figure 4.19 (b) shows the result of the BJR process 
carried out without etching of the InP buffer layer (see Figure 4.15).  
Figure 4.19 (b) and (c) display the optimized butt-coupled interfaces between the QW SOA and QD 
SOA and MQW EAM in the [011] direction. To enhance the contract the samples were stain etched 
with 1 H2SO4 : 8 H2O2 : 80 H2O. The surface non-planarity for both epi-structures was measured to be 
below 100 nm. No voids for large overhangs above 0.8 μm in depth (Figure 4.19 (d) Inset) were 
observed. Consistently with the InP/InGaAs test regrowth, the resulting EAM profile is bending up by 
~ 500 nm at the interface with drastic reduction of the QWs and cladding layer thicknesses. It was also 
notices that this shallow piling can disappear after the third epitaxial growth thanks to the redistribution 
of excess material during the annealing step (for example see Figure 4.24). 
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Figure 4.19: SEM images of cross-sections of a single QW SOA mesa block etched for regrowth (a) 
and BJR interfaces between the single QW SOA (b) and 3 layer QD SOA (c) with MQW EAM.  
4.2.5  Optical Properties  
The optical properties of the integrated material were evaluated for the QW SOA and MQW EAM 
structure at room temperature by confocal μ-PL spectroscopy with a ~ 1.5 μm detection spot size (×100 
microscope objective lens with NA=0.9) using a 980 nm CW laser diode for excitation and 
cryogenically cooled InGaAs detector to collect the signal. The detailed setup description can be found 
in [256]. 
The μ-PL spectral map of the integrated QW SOA and EAM structure (see SEM image in Figure 
4.19 (c)) is presented in Figure 4.20 (a). The spectra labeled SOA and EAM show the reference PL 
signal taken at points a few tens of microns away from the mask edge, where the mask proximity 
effects can be neglected. The emission from the as-grown SOA section exhibits abrupt intensity cutoff 
at the interface. The PL peaks centered at ~ 1475 nm are broadened towards shorter wavelengths due to 
the high carrier density within the 3.4 nm QW at high optical excitation (3 mW). For comparison, the 
left diagram (labeled “SOA Low PEx”) shows the SOA spectrum at a lower excitation power (0.14 
mW), resulting in a peak position at 1485 nm. The lasing wavelength from a 4 mm edge-emitting laser 
made from this material was measured as 1535 nm, which is due to fast band filling in such a narrow 
QW and low output losses. The MQW EAM PL peak intensity grows smoothly and reaches its half-
maximum value at 1 μm away from the interface, as depicted in Figure 4.20 (b). In total, the peak 
wavelength blue-shifts by approximately 30 nm (17 meV) with respect to the reference level. The shift 
is induced by the complex change in the composition and width of QWs and barriers, schematically 
represented in Figure 4.21 for points labeled in Figure 4.20 (a). The magnitude of the changes was 
evaluated from the STEM results shown in Figure 4.17. However, due to modulations both laterally 
and in the QW stack, a rough quantitative estimation is provided.  
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Figure 4.20: (a) Color map of RT μ-PL spectra of the QW SOA and EAM acquired along the [011] 
direction and (b) the corresponding profile of the PL intensity integrated over energy. 
 
Figure 4.21:  Schematic of a QW energy band structure illustrating BJR-induced changes expected 
in the MQW material. The solid and dashed lines represent the light hole (LH) and heavy hole 
(HH) ground state positions, respectively. The letters refer to those marked in Figure 4.17 and 
Figure 4.20. 
The slow reduction of the PL peak wavelength by 15 nm (8.5 meV) over a few tens of microns 
(Figure 4.21 “F” – “far”) is in agreement with a growth rate enhancement of about 1.15. The 
composition change, as determined by EDS, is negligibly small in this range. Approaching the mask, 
the PL peak wavelength increases faster accompanied by moderate broadening for longer wavelengths. 
At the same time, according to the EDS data, the Ga content increases, which will have the opposite 
effect on the bandgap shift. When the Ga fraction in the QW increases, the strain and, therefore, the 
separation between light and heavy holes (LH and HH) states become larger as schematically shown in 
Figure 4.21 (“E” – “F”). The contribution of the electron - light hole pair recombination becomes more 
pronounced, which can lead to the PL red-shift and broadening. Assuming the tensile strain of about 
1% (+4% of Ga with respect to the nominal composition) in combination with the quantum 
confinement effect results in the energy separation of less than 25 meV which is in agreement with 
experimental data in [257].  
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In the range of approximately 500 nm from the interface (marker “A” in Figure 4.17, Figure 4.20 
and Figure 4.21), growth of InGaAs is drastically reduced due to surface faceting, as mentioned before, 
and the QW energy level separation is higher. Driven by the bandgap variation, the carriers move 
toward the narrow-bandgap material thereby lowering their energy; the migration length of a few 
microns can be assumed. Thus, the PL intensity can be suppressed due to the carrier out-diffusion from 
the excitation area, while the integrated power in the region adjacent to the interface is higher, as 
shown in Figure 4.20 (b). The fraction of carriers lost estimated from the integrated intensity is around 
30%. 
Another important effect causing carrier losses at the interface is nonradiative recombination on the 
deep-level recombination centers due to crystal defects. An impact of the defect on the device 
performance was estimated by measuring of leakage current through the integrated devices. The results 
will be provided in Chapter 5.2 along with an evaluation of the induced internal reflection and coupling 
losses. 
4.3  Device Fabrication 
The MLL devices were fabricated on the grown wafers using the cleanroom facilities available at 
DTU DANCHIP. A standard for ridge waveguide lasers process sequence was used for the fabrication 
including extra steps to create an electrical isolation between multiple sections. The MLL mask layout 
and a top view 3D optical interference image of the fabricated device are shown in Figure 4.22. A 
schematic of the main process steps is presented in Figure 4.23.  
 
 
 
 
c 
 
Figure 4.22: (a) MLL mask layout, (b) corresponding top-view 3D optical interference image of a 
final device and (c) processed 2 inch wafer before cleaving. 
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The process included four UV (365 nm) photolithography steps, which were employed for 
definition of SAG mesa blocks, ridge waveguides, contact separation gaps for electrical isolation 
between laser sections, and p-side contact pads (Figure 4.22). The mask layout was consisted of 
patterns for MLLs, Fabri-Perot lasers and various multi-contact devices devoted for characterization 
of material properties (will be shown together with measurement results). The patterns were 
transferred to SiO2 layer by CHF3/O2 RIE that improves pattern definition.  
Both wet and dry etching methods were considered for etching of a ridge waveguide. Low-loss 
devices were fabricated using wet etching because of the ridge sidewall and surface roughness are 
negligible in this case, compared to dry etched ridges (see Figure 4.24). This helps to escape light 
scattering and excessive propagation losses, which can be significant due to the proximity of the 
waveguide layers to the surface in the design. However, the dry etching method is more powerful in 
terms of realization of more advanced devices, where dimensional control is essential (e.g. distributed 
Bragg gratings or deeply etched waveguides with an improved optical confinement, etc.). Secondly, it 
allows for better electrical isolation between sections, which was performed by etching through the 
highly doped contact layers in 5 μm8 wide separation gaps. The measured resistance was ~ 6 kOhm in 
case of wet etching (only the contact layers could be removed) and  10 - 20 kOhm for dry etching 
with respect to the etch depth of the InP top cladding. Benzocyclobutene (BCB) was utilized for 
planarization. Positive and negative tone resists were used in the lift-off process. Metallization was 
done through electron-beam evaporation. An alternative electroplating process was tested. The 
detailed description of each step can be found in Appendix B.2. 
                                                     
8
 Nominal value. In case of isotropic wet etching of the contact layers, the resulting gap was few times larger 
due to mask underetching.  
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Figure 4.23: Schematic of MLLs processing. The colour scheme is the one defined in Figure 4.12. 
Step numbers are referring to the described in Appendix B.2. 
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Figure 4.24: SEM images of sidewalls of wet-etched (a) and dry-etched (b) ridges oriented along 
the [011] direction. 
When processing a wafer consisting of BJR structures, several issues concerning the surface 
flatness must be considering. First, contact UV lithography on a non-planar surface may cause 
deformation of the pattern been transferred and degradation of sidewall quality. The minimal feature 
size in the MLL processing was 1.9 μm on the ridge waveguide pattern (for the dry-etching case), 
which was defined on top of the cladding layers. Owing to the planarization properties of InP, the 
surface flatness can be improve, e.g. as seen in Figure 4.24 (a), for the BJR piling up to 250 nm when 
growing 2 μm thick InP cladding layer on top. 
Another possible problem is related to sustainability of the etch stop layer on the BJR interface 
against dry etching. The growth rate of the stop layer (nominally 20 nm thin AlInAs) can be reduced 
on an arching BJR surface, and thus, can be unintentionally overetched during the second RIE step. 
This situation is shown in Figure 4.25, where local defects at the BJR interface were revealed by a 
cross-section SEM imaging. These defect at the interface increase optical losses and light scattering, 
and thus must be avoided. To prevent defect formation, the growth of top cladding layers can be 
performed after planarization by InP thick buffer layer followed by in-situ etching back in presence of 
CBr4, schematically presented in Figure 4.25. Thus, the depth of burial of the waveguide layers is 
kept at the designed level. Precise etch depth control is feasible using emissivity corrected pyrometry  
 
Figure 4.25: Cross-sectional SEM image of a BJR interface after dry etching of the ridge 
waveguide. 
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[258] and moderate etch rates
9
. In case of wet etching, this is not critical due to the larger selectivity 
of wet etching of InP over InGaAsP used as a stop layer. 
In addition to the surface defects, the insertion losses can arise from sidewall roughness of the 
mesa etched for regrowth, and therefore material imperfections at the BJR interface. Figure 4.26 
illustrates transferring of the roughness from the glass mask etched by RIE and its deterioration during 
chlorine-based ICP-RIE etching (see Appendix B.2.1). Following wet etching and annealing smooth 
the sidewalls, however, significant corrugation was observed. An improvement can be achieved by 
using wet etching for the mask definition and optimization of the ICP-RIE process. 
 
Figure 4.26: Mesa sidewall roughness after (a) ICP-RIE, (b) wet etching and (c) after in-situ 
cleaning. 
4.4  Summary 
In this chapter, MOVPE epitaxial growth, integration of the designed SOA and EAM structures 
based on InP/AlInGaAs/InGaAsP platform and fabrication of monolithic two-section MLLs are 
described. An overview of the MOVPE process is presented explaining the choice of the used growth 
parameters. It is shown, that the growth condition of self-assembled QD formation for emission at 
1.55 µm are beyond the optimal ones. A small lattice mismatch inherent for  InAs/InP material system 
of 3% comparing to 7% for InAs/GaAs system results in big volume QDs and a shift of the energy 
gap to the longer wavelengths above 1.6 µm. In order to reduce the sizes and achieved the desired 
wavelength range, GaAs capped InAs QDs in the InGaAsP matrix were grown. The investigation 
showed shallow lens-shaped QDs. As a result, the “shallow” QD behavior is expected for this 
material. The other possibilities of QD growth in InP and AlGaInAs matrix are proposed. The first 
results demonstrate an improved aspect ratio, and a higher energy level separation is theoretically 
predicted, which makes these QDs a promising candidate for low noise MLLs. 
The MOVPE BJR technique is introduced for integration of the SOA and EAM sections. The 
major factors affecting the growth evolution on partially masked and non-planar substrates are 
summarized followed by the detailed description of the carried out BJR process optimization. The 
material piling at the mask edge was impaired using two effects: mask underetching to compensate 
the excess material, and growth rate suppression of quaternaries on high-index planes close to {111}. 
Planar BJR integration of the symmetric waveguide core QD SOA and asymmetric QW SOAs with 
the MQW EAM is demonstrated. The analysis of the influence of the growth morphology, thickness 
and compositional variation associated with BJR process on the optical quality of MQW EAM 
revealed an increase in the energy bandgap directly at the interface resulting from the combined effect 
of growth rate suppression and higher Ga concentration. This increase in bandgap energy makes the 
                                                     
9
 The measured rate was about 10 nm/min for InP at the growth pressure and temperature of 60 Torr and 
610ºC; CBr4 flow: 116 sccm, PH3 flow: 200 sccm. 
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interface partially transparent (thus beneficial for unaffected light transmission) and forces carriers 
away from possible interfacial defects. The regrown MQW material exhibits a small bandgap blue-
shift of less than 20 meV over tens of microns from the regrowth interface, which allows for the 
realization of a short efficient EAM section.  
Finally, the device processing is outlined. The main issues, which were faced during the 
fabrication and affect the device performance are illustrated, such as ridge sidewall roughness, surface 
and interfacial defects and imperfections related to the BJR integration.  
  66 
Chapter 5  
Material Characterization and Laser 
Performance 
This chapter is devoted to the static characterization of designed and fabricated QW and QD 
amplifier and absorber active materials for monolithic MLLs. First, the measurements of modal gain 
and absorption spectra are presented and discussed along with power-current-voltage and temperature 
performance of Fabry-Perot (FP) lasers based on the gain materials. The extracted data on the gain and 
absorption parameters are analyzed with respect to the MLL conditions described in Chapter 2 for the 
realization of 10 GHz and 40 GHz MLLs. Second, the properties of the integrated material, such as 
interfacial losses and reflectivity on the BJR interface are quantified to validate the applicability of the 
BJR technique for integrated MLLs. Next, examples of the performance of 10 GHz MLLs consisting of 
integrated ABL QW SOA and MQW EAM are presented.  
All devices used for the test measurements, FP lasers and MLLs consisting of one type of integrated 
epitaxial material were processes on a single wafer according to Section 4.3, cleaved and soldered epi-
side up onto AlN substrates using AuSn soldering for efficient heat dissipation. The output facet was 
AR(5%)/HR(95%) coated if specified.  
5.1  Static Material Properties 
5.1.1  Modal Gain and Absorption Measurements 
Segmented Contact Method 
Evaluation of the gain and loss coefficients was performed using the Segmented Contact Method 
(SCM), which is based on measuring single pass amplified spontaneous emission (ASE) spectra from a 
multi-segment device illustrated in Figure 5.1 [259], [260]. The ASE intensity is related to the light 
transmission length x as 
 
       
      
       
(           )    (5.1) 
where IS(λ) is the intensity of the spontaneous emission at given wavelength λ, Gnet is the net modal 
gain. When a different number of sections is pumped at fixed driving conditions, the ratio of the 
measured ASE intensity is proportional to the net modal gain. In case of the basic three-section 
measurement scheme illustrated in Figure 5.1 (a), where each section of the device is L long, the  
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Figure 5.1: (a) A schematic of a multi-segmented contact device and scenarios of the gain and 
absorption measurements for the 3-section scheme. See the text for the experimental details. (b) a 
top-view photograph of the processed multi-segmented devices (the cleaving directions for 3-
section (yellow lines) and 4 section (red lines) device bars are shown). 
net modal gain Gnet can be derived as following 
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where   is the material gain, IL and I2L are the ASE intensity acquired for one section (L) and two 
section (2L), respectively. The background optical losses    caused e.g. by light scattering on 
waveguide imperfections from lithography and etching, can be obtained from the long-wavelength 
range below the energy bandgap. To avoid multi-pass amplification, the reflection from an output 
facet has to be eliminated, which can be achieved by making the rear section(s) absorbing under 
reverse biasing. The high electrical isolation between adjusted sections is necessary to minimize 
current spreading and gain distribution along the device which can lead to disputable results [261]. 
In order to obtain the net modal absorption coefficient     , the second section is used as a source 
of ASE of the intensity IL,2 equal to IL, while the first (front) section was reverse biased (V1) and 
absorbed the light resulting in the output intensity IL,1 (see Figure 5.1 (a)). The relative ASE spectral 
attenuation gives the net modal absorption    
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 ]         (5.3) 
The more advanced four-section schemes with three independently controlled sections can be 
employed which allows to eliminate a background component associated with unguided spontaneous 
emission, and therefore improve the measurement accuracy as described in [262]. 
SCM devices and setup description 
The multi-segmented devices used for measurements were fabricated as 2 µm wide ridge 
waveguide devices consisted of either SOA or EAM active region. Individual sections with a length 
250 or 500 μm each were electrically separated by etching separation gaps through the contact layers. 
The resulting resistance between the sections was measured to be 10 - 20 kOhm in case of dry etching 
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and ~ 6 kOhm for wet etching approach. The fabricated structures were cleaved into bars with 3- and 
4- segmented devices shown by yellow and red lines in Figure 5.1 (b). No facet coatings were 
deposited. 
The experimental setup is presented in Figure 5.2. The devices were mounded onto copper 
heatsinks equipped with a Peltier element for temperature control (TC). Each section of the device 
was independently biased using a bipolar power supply (Hirex Engineering BE510) through the set of 
four sense-force probe pairs shown in Figure 5.2 (c). The ASE emitted from the device was collected 
through the integrated optical head shown in Figure 5.2 (b) consisting of collimating high NA 
objective followed by a polarizing beam-splitting cube (PBS) used for independent measurements of 
the TE and TM components simultaneously (an extinction ratio for the transmitted beam was > 30 dB 
and for the reflected 20 dB). The polarized beams were guided to two arms lens-coupled into fibers. 
To filter undesirable leaking modes of opposite polarization and suppress parasitic reflection, an 
optical isolator and a linear polarizer were incorporated along the light path. The ASE spectra and 
power were recorded by an optical spectrum analyzer (OSA) (Ando AQ6317) and a power meter (HP 
8153A) used for convenience of alignment. Since the OSA sensitivity is specified down to -90 dB in 
the range of 1.20 – 1.65 µm [263], the accuracy was limited already above 1.60 µm due to noisy low-
intensity ASE spectra. 
 
 
Figure 5.2: (a) Experimental setup for the SCM measurements independently for TE and TM 
polarizations. (b) Optical head with (c) devices mounted on a probe stage. PBS - polarizing beam 
splitter, CL - collimating lens, FC - fiber coupler, ISO – isolator, LP - linear polarizer, GPIB - 
general purpose interface bus. 
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Due to a high sensitivity of beam alignment in the lens-coupled optical system to a temperature 
drift occurring during the switching between amplified sections and the slow-response TC, the four 
section segmented method, in spite of the considered advantageous [262], showed stronger intensity 
deviation and therefore larger error compared to the three section SCM used thereafter. Additionally, 
the interruptions between each measurement were added to ensure that the device has achieved its 
thermal equilibrium. Furthermore, a pulsed current source can be utilized to minimize the influence of 
heating. 
5.1.2  Quantum Well Amplifier 
Gain and absorption spectra: c-QW and ABL QW SOAs 
Figure 5.3 shows the net modal gain and absorption spectra for 6.5 nm wide InGaAsP-based c-QW 
(-1.02% str.) and 3 nm InGaAs ABL QW (-1.47% str.) SOAs extracted using the SCM method at 
room temperature (RT) under different biasing conditions. The corresponding energy band diagrams 
can be found in Chapter 3, Figure 3.7, and the detailed epitaxial structures in Appendix A1, A2. Due 
to the compressive strain, the emission was associated with electron – heavy hole (e-HH) transitions 
releasing in-plane TE polarized light. Thereby, the measurements were done for the dominant 
transverse electric (TE) polarization. 
 
(a) 
 
 
(b) 
 
 
Figure 5.3: RT net modal gain (top) and absorption spectra (bottom) for (a) 6.5 nm wide InGaAsP-
based c-QW SOA and (b) 3 nm InGaAs ABL SOAs obtained for different bias conditions using 3 
section SCM measurements.  
The maximum net modal gain for 6.5 nm c-QW and 3 nm ABL QW was measured to be 10.3 cm
-1
 
at 4 kA/cm
2
 and 14.7 cm
-1
 at 8 kA/cm
2
, respectively.
 
The peak gain shift with increasing current 
density of about ~ 50 nm towards the shorter wavelength and the spectral broadening were observed 
due to the band filling effect. The internal losses of -9 cm
-1 
and -5 cm
-1 
for c-QW and ABL QW were 
extracted from the absorption spectra. Due to the highly noisy gain spectra above 1.6 µm, it was 
difficult to resolve the exact internal losses, however the growth of the losses with carrier injection 
was revealed after data analysis. A rough estimate gives an increase from 5 to 6.5 cm
-1
 in the range 
from 1 to 12 kA/cm
2
 for ABL QW which is attributed to carrier density dependent FCA (see also in 
Figure 5.8 for QD SOA). The high internal optical losses for these devices are related to light 
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scattering on the narrow ridge waveguide sidewalls and surface imperfections resulting from the non-
optimized dry etching process used for the fabrication (see the ridge sidewall view in Figure 4.24 (b)). 
Another origin is high FCA in the adjacent to the QW layers due to the high p-doping level in the 
adjacent p-cladding layer. Using wet etching and an optimized doping level taking into account strong 
Zn diffusion as described in Section 3.3, the internal losses were reduced to 2 - 2.5 cm
-1
.  
Taking into account the internal losses, the modal gain was found to be higher for the wider c-QW 
at lower carrier densities (12.4 vs 9.4 cm
-1
 at 1 kA/cm
2
) due to the larger confinement factor. 
However, a significant increase in injection current results in many-body and heating effects 
recognized as gain suppression at current densities > 6 kA/cm
2
 and > 10 kA/cm
2
 for the c-QW and 
ABL QW, respectively. The fast saturation for the gain coefficient of c-QW SOA gives evidence of 
poor electron confinement provided by the PQ barriers.  
The absorption spectra shown in Figure 5.3 illustrate the difference in energy level structure 
between the two types of QWs in agreement with the simulation results provided in Chapter 3.2. The 
contribution of the multiple hole states is clearly seen as two exciton peaks in the c-QW absorption 
spectrum in Figure 5.3 (a, bottom), while the ABL QW shows a single peak and nearly constant 
absorption over the wide energy range. Both QWs exhibit QCSE identified by a blue-shift of the 
exciton peak and a reduction of the absorption coefficient at the band edge with increasing a reverse 
bias. The c-QW SOA showed a larger absorption shift per voltage in the range from 0 to -6 V which is 
inherent for wider QWs, and fast saturation at biasing above -6 V when the exciton states disappear. 
The latter can be explained by coupling of the electron state to the continuum due to the low potential 
barrier for electrons (< 100 meV for the GS).                                                                                                                                        
ABL QW vs c-QW Fabry-Perot laser characteristics  
Since the material properties directly affect device performance, the steady state investigation of 
ridge waveguide Fabry-Perot (FP) lasers was performed. The conventional temperature dependent 
light output – current – voltage (L-I-V-T) characteristics were measured to evaluate and compare the 
basic parameters of the designed SOA material by means of efficiency and temperature stability.  
The measurements were carried out using a setup presented in Figure 5.4. The devices were 
mounted onto a TC copper stage (Temperature Controller Wavelength Electronics LFI-3751) and 
driven under CW current conditions by a bias source (MG 06 DLD 103). The TC and bias source 
allow to vary the temperature up to 70°C; the current was limited to 400 mA. The emitted optical 
power was measured using an integration sphere with an optical power meter (MG 13 PDC 001). To 
record an optical spectrum, the output light was lens-coupled into a single mode fiber (SMF) and 
delivered to an OSA (Ando AQ6317). 
 
Figure 5.4: Experimental setup for characterization of Fabry-Perot lasers. 
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Figure 5.5 shows the L-I-V-T curves measured for 4 mm long uncoated 2 µm wide ridge FP lasers 
based on (a) c-QW SOA and (b), (c) ABL QW SOAs. The measured RT threshold current for c-QW 
and ABL QW FP laser was 57.8 mA (Figure 5.5 (a)) and 63.8 mA (Figure 5.5 (b)), correspondingly, 
due to the high internal losses. The laser in Figure 5.5 (c) had a reduced internal optical losses by 
factor of two as discussed above, which resulted in decreasing the threshold current down to 29.5 mA. 
A maximum optical power of 48.8 mW per facet was reached at RT for the ABL QW laser at 400 mA 
compared to 20.4 mW for c-QW SOA without achieving the thermal roll-over. This corresponds to 
the slope of approximately 0.31 W/A and 0.14 W/A, respectively. The series resistance above 
threshold was measured to be around 2.5 - 3 Ohm for both devices. 
 
Figure 5.5: L-I-V-T characteristics of the 4 mm long uncoated FP QW lasers consisting of (a) 
conventional InGaAsP-based c-QW SOA and (b) InGaAs(P)/InAlAs/InP asymmetric barrier 
layers QW SOA with asymmetric InGaAsP/InAlGaAs waveguides before and (c) after p-doping 
optimization.  
The effect of the ABL structure can be estimated through the laser internal quantum efficiency   , 
which accounts the injection efficiency      affected by the vertical leakage, lateral current spreading 
  , and the differential radiative efficiency     : 
                 (5.4) 
The internal efficiency    can be extracted from L-I curves above threshold, where the output 
power      is ideally linearly proportional to the injection current  : 
 
       
  
 
                (5.5) 
where            is the external differential quantum efficiency, and      is the optical efficiency 
representing the fraction of the light which is not collected as a useful power due to the internal 
losses:  
      
    
       
   (5.6) 
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The external    and internal    differential efficiency was found to be approximately 38% and 
92% for 3 nm ABL QW FP at RT and 25% and 60% at 70 ºC (at I ~ 3 × Ith). For the c-QW the 
resulted values were much lower, ~ 17% and 46% at RT, respectively. The slightly reduced internal 
efficiency of 71% for a wider and less strained 6 nm ABL QW was obtained (Figure 5.5 (c)), which 
can be attributed to more efficient Auger recombination for the 6 nm QW compared to 3 nm QW. 
This leads to the conclusion that the Auger recombination rate does not increase for sufficiently 
narrow QWs, which was disputed in Chapter 3.2. 
The overall significant improvements in the ABL QW SOA efficiency is attributed to the 
enhancement of the carrier confinement, and hence, the injection efficiency, since the carrier blocking 
layers prevent barrier overflow at high current densities as well as at high operation temperatures. The 
temperature stability is usually estimated through the temperature dependence of the threshold current 
density     expressed as 
 
               (
 
  
)   
 
(5.7)  
where T0 is the characteristic temperature. Figure 5.6 shows a comparison of the characteristic 
temperature for c-QW and ABL QW SOAs in the range from 20 to 70 °C calculated as [264] 
 
      
   
                       
   (5.8)  
Larger T0 values above 45 K at elevated temperatures up to 70°C for the ABL QW FP lasers 
compared to the c-QW counterparts (~ 22 K at 70°C) proves the concept of ABL structure providing 
better carrier confinement. The weak temperature dependence is also a sign of smaller parasitic 
(mainly Auger) recombination outside the active layers and in the ABL QW SOA. Moreover, a 
smaller increase in optical losses (i.e. threshold gain) with temperature associated with IVBA 
accompanied by carrier overflow can further improve the temperature stability [265] and results in a 
better differential efficiency as demonstrated above. 
 
Figure 5.6: Temperature dependence of the threshold current density (black curves) and 
characteristic temperature (red curves) for 4 mm FP lasers based on ABL QW (solid lines) and c-
QW (dashed lines) extracted from the data in Figure 5.5. The characteristic temperature of the QD 
SOA (dot) was estimated for 1 mm laser (see L-I-V-T curves in Figure 5.9 (a)).  
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Larger T0 values above 45 K at elevated temperatures up to 70°C for the ABL QW FP lasers 
compared to the c-QW counterparts (~ 22 K at 70°C) proves the concept of ABL structure providing 
better carrier confinement. The weak temperature dependence is also a sign of smaller parasitic 
(mainly Auger) recombination outside the active layers and in the ABL QW SOA. Moreover, a 
smaller increase in optical losses (i.e. threshold gain) with temperature associated with IVBA 
accompanied by carrier overflow can further improve the temperature stability [265] and results in a 
better differential efficiency as demonstrated above. 
Typical optical spectra under different biasing and temperature conditions are shown in Figure 5.7 
obtained for the ABL QW SOA. This carrier-density dependent behavior follows the gain spectra 
broadening shown in Figure 5.3 (b). However, the central wavelength is nearly constant, which is 
related to the bandgap narrowing at high injection due to carrier-carrier interaction. A red-shift caused 
by the many-body effects compensates the blue-shift expected from the band filling. At low internal 
losses, the band-gap renormalization should be considered to have a larger influence on the spectral 
shift. With increasing the temperature, the spectrum shifts to the longer wavelength range with an ~ 
0.67 nm/°C step, which is consistent with the temperature dependent energy bandgap       change 
[266]. 
 
(a) 
 
 
(b) 
 
 
Figure 5.7: Lasing spectra of the 4 mm uncoated 3 nm ABL QW based FP laser corresponding to 
the L-I-V-T curves in Figure 5.5 (b): (a) at 20 °C as a function of injection current and (b) at J = 
2.5 kA/cm2 as a function of temperature. Note the spectral modulation here is the result of the 
chosen OSA resolution/sensitivity settings. 
5.1.3  Quantum Dot Amplifier 
Gain and Absorption spectra: GaAs capped InAs/InGaAsP/InP QD SOA  
Figure 5.8 shows the gain and absorption spectra for the QD SOA consisting of three layers of 
InAs/InGaAsP/InP QD as described in Chapter 4.1.2 (Appendix A.4). The emission was dominantly 
TE polarized due to a strong compressive biaxial strain in this type of flat QDs [267].  
The observed GS modal gain centered at 1560 nm was found to be in good agreement with the 
measured PL peak (see in Figure 4.7). The GS net modal gain saturates at ~2.5 cm
-1
, which 
corresponds to the maximal GS modal gain of ~6 cm
-1
, taking into account the waveguide losses 
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estimated to be around -3.5 cm
-1
 at low carrier density. The maximal net modal gain of ~10.5 cm
-1
 is 
supported by exited state (ES) transitions around 1450 nm. An observed significant blue-shift of the 
gain peak wavelength over 100 nm with increasing carrier density and weakly pronounced GS and ES 
gain is typically attributed to big and shallow asymmetric QDs (see Figure 2.10). According to [128], 
the overlap integral between the hole and electron states decreases with the QD base size, which 
lowers the GS gain. The small separation between GS and ES states in combination with the strong 
inhomogeneous broadening (PL FWHM ~170 nm (88 meV)) indicates quasi-continuum density of 
states in the QD ensemble [268]. This leads to smearing of the gain spectrum over energy. For 
comparison, the pronounced discrete GS and ES gain contribution is typically reported for small 
InAs/GaAs QDs when the GS – ES energy separation is high (~100 meV) (see e.g. in [60]).  
 
Figure 5.8: RT net modal gain and absorption spectra obtained for QD SOA consisting of three 
layers of GaAs capped InAs QDs in the InGaAsP matrix. 
Similarly, a smooth increase in modal absorption was observed (Figure 5.8 (bottom)). The small 
height of the examined QDs results in weakly confined electron states (see Figure 4.6 (b)) and its 
decoupling with applying reverse bias, which eliminates the QCSE shift similar to the case of c-QW 
absorption at high voltages shown in Figure 5.3 (a, bottom).  
QD Fabry-Perot laser characteristics 
Due to the low carrier confinement and increasing with carrier density internal losses attributed to 
FCA, the threshold gain and electro-luminescence from the QD Fabry-Perot laser was achieved in the 
significantly shorter wavelength range around 1465 nm corresponding to ES emission. The threshold 
current was ~ 5 kA/cm
2
 for a 1 mm device with HR-coated back facet, which is relatively high 
compare to other long-wavelength QD lasers due to the excessive optical losses (e.g. [131], [215], 
[269]). Figure 5.9 (b) shows the optical spectra at different applied currents exhibiting irregularities 
caused by scattering on imperfections (the internal losses was higher for this device ~ 6 cm
-1
). Among 
the other, high inhomogeneous broadening can lead to the increased spontaneous emission and carrier 
losses via Auger recombination if the carrier density is not pinned of above the laser threshold due to 
non-uniform carrier distribution as claimed in [270]. One of the evidences of a high Auger 
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recombination rate is a low characteristic temperature of 41 K in the 20 - 30°C range compared to 
QW lasers as shown in Figure 5.6. Moreover, shallow QDs suffer from increased thermal escape of 
carriers, which further reduce the internal quantum efficiency evaluated to be below 10% at RT. 
 
(a) 
 
 
(b) 
 
 
 
 
Figure 5.9: (a) L-I-V-T characteristics and (b) the continuous wave lasing spectra for 2 µm wide 
ridge QD laser (L=1 mm) at 20ºC. 
Concerning the application the QD SOA in MLLs, the quasi-continuum energy structure of these 
QDs reduces the maximal modal gain and saturation energy. Furthermore, it influences on the carrier 
dynamics as discussed in Chapter 2.4. Fast and efficient carrier-carrier recombination is expected to 
be dominant in the gain recovery process similar to the QW behavior. Moreover, shallow QDs exhibit 
a poor quantum efficiency, which increases threshold carrier density and as a consequence, 
spontaneous recombination noise. No mode-locking was achieved using this type of material.  
As mentioned in Section 4.1.3, improvements can be done using InAs QD in higher potential 
barriers, e.g. based on InP or AlGaInAs alloys. Assuming better carrier localization and distance 
between energy levels, confirmed by theoretical calculations, lasing via the QD GS at the desired 
wavelength can be obtained with a lower current density and higher saturation energy (see below) 
leading to noise reduction. The development of this material is currently in progress. 
MQW Saturable Absorbers  
The absorption characteristics of the MQW EAM saturable absorber based on eight 8.6 nm InGaAs 
QWs (0.52 % str.) (Appendix A.6) and “long-wavelength” absorber consisting of four 10.6 nm 
InGaAs QWs active region (Appendix A.7) are presented in Figure 5.10. Since the QWs used in the 
EAM are tensile-strained, the absorption occurs for both TE and TM polarized light with dominant 
TM absorption. The SCM setup allows for measurement of TM and TE components independently 
(see Figure 5.2), however, due to incomplete light splitting offered by the beam splitter, the TE 
absorption spectra of interest may include a residual TM fraction.   
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Figure 5.10: Net modal absorption spectra for shallow MQW Saturable Absorbers. (a) QCSE 
Electroabsorption Modulator based on 8 × InGaAs/AlGaInAs QWs, PL peak ~ 1.5 µm, (b) 4 x  
InGaAs/AlGaInAs QWs absorber, PL peak ~ 1.6 µm. The grey shaded region shows the designed 
operation wavelength range. 
The absorption coefficient of the MQW EAM increases non-linearly with applied reverse bias in a 
wide spectral range near the band edge as demonstrated in Figure 5.11. Compared to the single QW 
and QD active material, which can be used as a saturable absorber in non-integrated monolithic 
MLLs, larger values of the absorption coefficient change, Shark shift and differential absorption 
demonstrated in Figure 5.11 offer wider design possibilities by means of laser geometry and operation 
conditions. More importantly, faster absorption recovery is expected in shallow MQW in the EAM as 
discussed in Chapter 2.2. On the other hand, due to the screening effect, the absorption edge would 
experience significant blue-shift. As an example, at 50 cm
-1
 absorption coefficient, the shift is ~ 13 
nm/V (V > -3 V), while e.g. for the 3.5 nm QW (Figure 5.3 (b)) the value is 2.2 nm/V.  
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Figure 5.11: (a) Comparison of the absorption coefficients versus applied reverse bias at 1550 nm, 
1530 nm, 1500 nm for single QW, QD, MQW based absorbers. (b) Net gain and differential gain 
for MQW EAM (black curves) in comparison with single QW SOA. The differential absorption at 
transparency shown by round symbols.  
To avoid the distortion in the optical spectrum, the long-wavelength absorber was realized to 
operate above the band edge as shown in Figure 5.10 (b). The number of QWs were reduced from 
eight to four, however, the absorption coefficient of ~ 150 cm
-1
 introduced significant losses 
prohibited stable MLL operation even for long 4 mm QW lasers presumably due to the high internal 
losses in the SOA section. 
5.1.4  QD vs QW SOA: Saturation Parameters 
Figure 5.12 presents comparative plots of the peak gain wavelength, net modal gain and 
corresponding differential gain as a function of injection current density for ABL QW and QD SOAs 
extracted from the gain spectra in Figure 5.3 (b) and Figure 5.8 respectively. The net gain curves were 
obtained by fitting through the data points for the gain coefficient using the logarithmic function Eq. 
(2.6). The exponential fit (marked as “exp” fit) using Eq. (2.7) was applied for QD gain fitting, 
however, gave incorrect prediction at transparency. The shown net gain and differential gain curves 
correspond to a center emission wavelength λ0 found at threshold for 10 GHz (4 mm) and 40 GHz (1 
mm) lasers with one output facet HR coated (95%). The mirror losses shown by dashed lines marked 
with “αmir” represents the threshold gain. A contribution of the absorption losses in the EAM section 
of a MLL was not included, but it obviously increases the required gain and threshold current density. 
The extracted parameters are summarized in Table 5.2.  
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Figure 5.12: Peak gain wavelength (top), modal gain (middle), differential gain (bottom) as a 
function of injection current density for QW and ABL QW SOAs. The dashed horizontal line 
marked with αmir indicate the output mirror losses for 10 GHz and 40 GHz lasers used as 
threshold values. See the text for details. 
Table 5.2. Comparison of gain parameters for 3 nm ABL QW SOA, GaAs-capped InAs QD SOA and 3.5 nm offset 
ABL QW SOA acquired from Figure 5.12 and Figure 5.13. 
Gain parameters 3 nm ABL QW 3 × InAs QD 3.5 nm offset 
ABL QW 
Jtr, kA/cm2 0.48 0.74 0.90 
dα/dJ ≈ dg/dJtr 10.9×10
-3
 5.6×10
-3
 6.5×10
-3
 
frep=10 GHz 
(αmir=1.49 cm
-1
, 
uncoat/HR) 
Jth, kA/cm
2
 0.63 1.1 1.2 
dg/dJth, cm/A  6.2×10
-3
 3.4×10
-3
 3.7×10
-3
 
λ0, nm ~ 1540 ~ 1525 ~ 1565 
dg/dJth / dα/dJtr 0.57 0.61 0.57 
dg/dJth / dα/dJtr (MQW EAM)
10
 0.41 0.23 0.25 
frep=40 GHz 
(αmir=5.95 cm
-1
, 
uncoat/HR) 
Jth, kA/cm
2
 1.47 3.14 - 
dg/dJth, cm/A  3.2×10
-3
 1.8×10
-3
 - 
λ0, nm ~ 1525 ~ 1485 - 
dg/dJth / dα/dJ 0.29 0.32 - 
dg/dJth / dα/dJ (MQW EAM) 0.21 0.12 - 
                                                     
10
 The differential absorption coefficient dα/dJ for the MQW EAM is taken for quantitative evaluation at its 
transparency value of 15×10
-3
 as shown in Figure 5.11 (b), however, expected to be less under reverse biasing.  
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The ratio between the differential gain dg/dJ with respect to the differential absorption dα/dJ is 
important parameter which indicates the difference between the saturation energies in the gain and 
absorber critical for stable mode-locking as discussed in Section 2.2. The best conditions correspond 
to the lower differential gain dg/dJ and smaller dg/dJ/dα/dJtr values. The comparison shows that the 
lowest differential gain can be achieved with QDs using short gain section (1 mm for 40 GHz vs 4 
mm for 10 GHz). However, taking into account larger gain broadening, the differential gain to 
absorption ratio is larger than for QW when considering one active media for monolithic MLLs. In 
case if the QDs are integrated with MQW EAM, the ratio (dg/dJth / dα/dJtr (MQW EAM)) is almost 
two times lower than for the integrated the QW – MQW EAM couple. 
However, the demonstrated benefits of a higher differential gain of QDs is related to the low 
internal efficiency at high threshold current density rather than to GS saturation (indicated as a strong 
blue-shift of the emission wavelength). At the same time, the threshold conditions for the QW SOA 
can be achieved at relatively low carrier density which restricts the high population inversion, and 
therefore results in a higher differential gain (in agreement to the calculation results presented in 
Chapter 3.2).  
Concerning the studied QD material, it is possible to achieve a higher saturation energy at low 
carrier density when operating at GS, which requires the internal losses to be reduced at least down to 
1.5 cm
-1
 (for 10 GHz: Jth = 0.5 kA/cm
2
, dg/dJth = 3.0 x10
-3
 cm/A following the curve “QD at 1550 
nm”). In order to significantly improve performance, the lower gain broadening and GS – ES state 
separation must be realized. 
For QW SOA, one possible solution to extend the population inversion is to apply a low-reflection 
coating to the front-side facet which increases optical losses, or use extended cavity approach with a 
short gain section. Another possibility is a displacement of the QW from the optical field maximum to 
reduce confinement factor and further increase saturation energy and output power as suggested in 
Chapter 3.2.     
5.1.5  Offset vs Centered QW SOA 
The effect of the QW displacement was investigated on two ABL QW SOA structures consisting 
of 3.5 nm wide InGaAs QW active region. The first structure had QW in the peak of the optical mode 
(referred to as “centered” QW), and for the second (“offset”) structure, the QW was displaced towards 
the top p-cladding by removing p-WG layer, and the n-WG layer below the QW was wider to support 
mode guiding equally to the “centered” case (a detailed layer description is given in Appendix A.3). 
The bandgap and optical mode profiles can be found in Figure 3.3 (b). Both structures had a slightly 
increased doping from the n- and p- sides compared to the ABL QW SOA studied above. The width 
of the QW was intentionally larger to shift the band gap to the longer wavelength (~ 1.6 µm) 
assuming the blue-shift occurring at higher carrier densities. Due to the difficulties in growth control 
of such narrow QWs mentioned in Chapter 4.1.2, the measured PL peak wavelengths were 1590 and 
1615 nm for the offset and centered QWs, respectively, for the same growth parameters.  
The measured net modal gain and absorption spectra, and calculated differential gain versus 
current density are presented in Figure 5.13. The values for a 10 GHz  ”offset” QW laser is put in 
Table 5.2 for comparison. The internal losses was found from the absorption spectra to be ~ 4 cm
-1
. 
The offset QW exhibits larger slope at the absorption edge presumably due to the higher doping from 
the p-side cladding adjacent to the offset QW. A smaller depletion region leads to a larger induced  
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 Figure 5.13: Net gain and absorption spectra of the “centered” and “offset” 3.5 nm QW SOAs 
with doped WG layers (left), and extracted gain and differential gain as a function of injection 
current density (right). Exponential fitting was used due to the higher accuracy for the gain curves 
with saturation. 
electrostatic field, which deforms the band structure. The modal absorption coefficient at zero bias 
was decreased by factor of 1.4,which is slightly larger than expected from the confinement factor 
reduction of 1.2 for the offset QW calculated in Section 3.2 (see Table 3.1). The maximum gain is 
reduced by 1.9 which is presumably due to the larger optical losses induced by FCA in the QW and 
barriers in the presence of high hole densities. (At wavelength > 1650 nm, the accuracy of the data 
acquisition was limited by the OSA.). 
The reduced optical confinement for the offset QW results in a smaller differential gain in 
correspondence with the discussion in Chapter 3.2, however, at relatively high carrier densities (above 
1.4 kA/cm
2
). This is related to the lower internal quantum efficiency (ηi = 46%) was observed for 
offset QW compared to the centered QW (90%). The degradation is attributed to the higher Auger 
recombination rates in the presence of higher hole concentration and unintentional p-doping of the 
active layer due to Zn diffusion from the adjacent p-cladding layer, which also affect the temperature 
stability (T0  = 25 K vs 45 K at 60ºC). Another issue of the “offset” structure is carrier transport 
through the wide lightly-doped n-WG layer which increase self-heating and reduce laser efficiency. 
An increase in the serial resistance under forward biasing was found to be 0.2 – 0.3 V in the 1 – 5 
kA/cm
2
 injection current range.  
A 4 mm MLL composed of the offset QW SOA integrated with 8 QW EAM (PL peak at 1510 nm) 
showed the emission with a typical for MLLs asymmetric spectrum presented in Figure 5.14 (see e.g. 
in Figure 5.24). However, the optical spectrum was beyond the EDFA bandwidth, which did not allow 
for further studying of the laser properties. (See more details on MLLs characterization in Section 
5.4).  
In order to utilize the benefits of the offset QW SOA approach, optical losses must be reduced by 
tuning the doping level and optimizing device processing. The confinement factor can be additionally 
lowered to obtain a higher saturation energy by designing the waveguide layers and ridge width to 
modify the optical field profile. 
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Figure 5.14: An example of an optical spectrum from integrated MLLs with the offset QW SOA as 
a gain section operating at 5 kA/cm2 and 8 × QW EAM absorber section biased at - 4.1 V. An 
operation in the pulsed regime was not proven due to the setup limitation.  
5.2  Characterization of Butt-Coupled Interface 
5.2.1  Internal Reflectivity 
Test devices 
Intracavity reflection is a critical parameter for external-cavity and monolithically integrated 
MLLs resulting in pulse instabilities as discussed in Chapter 4.2. In order to quantify the reflection 
coefficients from the insertion facet between the integrated SOA and EAM section, Hakki-Paoli 
technique was used [271], [272]. This method involves measurement of ASE spectra with a high 
resolution and detection of its spectral modulation. The modulation depth M is related to the facet 
reflectivity R as [273] 
    [
  √     
  √     
]
 
   (5.9) 
where G is the single-pass gain given by 
              (5.10) 
A schematic of test devices are shown in Figure 5.15. The devices consisted of an electrically 
pumpled 2 mm long section based on either the SOA or EAM material as a source of amplified 
spontaneous emission of TE or primary TM polarization, respectively. The cavity length is a tradeoff 
between a maximum length resulting in spectral oscillation attainable to be resolved with the highest 
OSA resolution as exemplified in Figure 5.16 (a)), and a minimum length offering sufficient gain per 
round-trip G to resolve modulations at low reflectivity (Figure 5.16 (b)). To meet the requirements on 
spectral resolution, 2 mm long cavity was chosen, however, only relatively high reflectivity can be 
determined as demonstrated in Figure 5.16 (b) (e.g. R = 10
-6
 can be resolved at 40 cm
-1
 gain).  
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Figure 5.15: A schematic of the device used for internal reflection measurements. The pumped 
internal cavity (SAG area) was consisted either of SOA material or EAM material, while the 
output waveguides from the both sides have the opposite type of active material and do not have 
contact pads. 
 
Figure 5.16: (a) Calculated cavity length required to determine the reflection coefficients of 5x10-6 
(black), 10-5 (red) and 10-4 as a function of net gain. The right axis shows correspondence to the 
cavity length period of spectral modulation and the limit shows the highest OSA resolution. (b) 
Reflectivity as a function of spectral modulation depth for different net gain coefficients. The limit 
corresponds to the OSA sensitivity.  
The amplifying section was integrated on each side with 350 µm long waveguide of the opposite 
type of active material (the total device length was 2.7 mm). In order to avoid reflection from the 
output facets, the output waveguides were 10° tilted to the cleaved facets by means of bending as 
shown in Figure 5.15. The length of the waveguides was chosen to tolerate the radiation losses out of 
the device which is defined by the bend curvature. Taking into account crystallographic-dependent 
wet etching behavior, an adiabatic ridge mask was designed to form 2 µm ridge width at the bottom. 
The sidewall angle   is assumed to have a linear dependence on the waveguide angle   toward the 
[011] direction as 
                 (5.11) 
when anisotropic wet etching in 1 HCl : 4 H3PO4 is used for the ridge formation. 
No electrical contacts were formed on the 350 µm output waveguide sections and they were 
consequently absorbing (recommended to). The spectral variation of the gain and absorption 
coefficient were assumed to be constant within the detected range of a few nanometers.  
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Experimental results 
Figure 5.17 presents the FTT amplitude (left column) of the ASE spectra of a 5 nm span (examples 
shown in the right column) measured for both QW SOA (top row) and 3 × QW EAM material 
(bottom row) for different SAG mask width W and stripe edge angled α as specified in Figure 5.15. 
The recorded modulation depth for both types of devices corresponded to the “internal” cavity was 
below the accuracy of the amplitude measurements defined as 0.02 dB for our setup. The TE 
reflection was determined to be lower than 6.2×10
-4
 for the maximum achieved SOA gain coefficient 
of 3.1 cm
-1
 in the presence of the absorbing EAM arms. The TM amplification provided in the EAM 
section was about 22 cm
-1
, and the reflectivity for the TM mode was estimated to be below 2.1×10
-5
, 
which is assumed to be larger than the real TE reflection. The pronounced peak was observed at 2.7 
mm corresponding to a residual modulation of 10
-3
 due to reflections on output facets (“external”). 
Applying AR coating, the “external” reflection was reduced down to 2×10-5. 
 
Figure 5.17: FFT analysis of spectral oscillation for (a) ABL QW SOA (TE gain) and (c) MQW 
EAM with dominant TM polarization. Corresponding optical spectra at the gain maximum are 
shown in (b) and (d). The resolution is 0.01 nm, high sensitivity. 
5.2.2  Transmission  
Excessive scattering of the light on the imperfections  increases optical losses which is detrimental 
for low noise pulse generation. A contribution of the coupling losses at the interface losses were 
extracted for multiple butt-jointed linear cavity lasers divided by n gain and n absorber sections of the 
length LSOA and LEAM, respectively, as depicted in Figure 5.18. Increasing number of the BJ interfaces 
results in growth of the required gain at threshold as the additional losses term is multiplied [274]. 
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Figure 5.18: (a) A schematic of the device used for interface losses measurements and (b) a 
photograph of processed devices. 
The round-trip ASE intensity I can written as  
                                
                (5.12) 
where      are the facet reflectivities, while the internal reflection Rint is assumed to be negligible 
small. The transmission     can be found as 
    
       
          
   , (5.13) 
where the single pass net gain G equals to  
                          (5.14) 
The transmission was calculated for the multi-section devices consisting of QW SOA and MQW 
EAM of a total length of 2 mm (Figure 5.18 (b)) to be 0.774 ± 0.020 per interface. Net gain       and 
absorption       spectra for different driving conditions were known from the SCM measurements 
on the devices from the same wafer. This corresponds to the coupling losses of 1.10±0.09 dB per 
interface, which is 0.4 dB better than that reported for an optimized SOA-EAM structure in [174]. 
Although, the losses are still high in comparison to the best results of  0.46 dB achieved for passive-
active integration in passive light transmission measurements in [9]. 
One contribution to the excess optical losses can be related to the mode mismatch between the two 
undisturbed waveguide cores. Assuming perfectly optimal vertical alignment, the fundamental TE 
mode overlap of 99.72% calculated in Section 3.3 gives the negligible coupling losses of 0.013 dB.  
Another reason is the fundamental interface regrowth behavior. Light scattering can occurs on 
imperfections, such as voids, material pilling and morphological non-uniformity, and its deflection 
away due to bending waveguide up. For illustrative purposes, Figure 5.19 shows the 2D finite-
difference time-domain (FDTD) simulation for a similar "up-bent" morphology and resulting loss α  
and a reflectivity R taken from [174]. An additional lateral deflection for the fabricated BJR structure 
can be expected due to the angled SAG mesa and interface roughness owing to ICP-RIE mesa etching 
under non-optimized etching parameters.  
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α = 5 dB 
R = 3×10
-5 
 
α = 0.04 dB 
R = 2×10
-5
 
Figure 5.19: 2D FDTD simulation showing electrical field perturbation caused by the BJR 
interface up-bending modeled in [174].  
5.2.3  Leakage Current 
One of the main processes responsible for carrier losses is non-radiative recombination on deep-level 
recombination centers associated with crystal defects. To verify the quality of the crystal structure at 
the interface, the dark current through the multi-section devices including BJR interfaces (Figure 5.20 
(Inset)) under reverse biasing was measured. With increasing defect density, the leakage current grows 
rapidly and may cause shortening of the p-n junction and device failure. For integrated and non-
integrated sections, the current was below 10 nA at 0 - -3V reverse biasing and at a µA range at -7V. 
The absence of the break down at reverse biasing up to -9 V and low (few nA) dark current in the range 
of 0 - -3 V detected for both devices gave evidence of the good crystalline quality.  
 
Figure 5.20: I-V characteristics of the integrated devices shown in Inset probed on the SOA and 
EAM sections with and without BJR junction.  
5.3  Mode-Locked Laser Performance 
In this section, the characterization of the fabricated monolithic MLLs is discussed. Investigation 
included the measurements of pulse characteristics such as pulsewidth, optical spectrum, and timing 
jitter. The experiments were performed on 10 GHz integrated ABL QW SOA – MQW EAM MLLs 
and on the MLLs consisting of a single ABL QW active material for both SOA and EAM sections 
(“non-integrated” MLLs) driven in the passive regime. The total MLL cavity length was around 4 
mm, and the EAM length was varied from 20 to 300 µm. The back facet adjacent to the absorber 
section was HR coated to facilitate the self- CPM effect. 
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5.3.1  Experimental Setup 
Experimental characterization of the MLLs was carried out using a setup schematically illustrated 
in Figure 5.21. A two-section integrated MLL under investigation was mounted onto a temperature 
controlled stage. The gain section was forward biased by a laser diode controller (SRS LDC 502). A 
reverse bias was applied to the absorber section using a DC source (Agilent 66312A). The output light 
was lens coupled to a SMF and distributed with an optical power meter (HP 8153A), OSA (Ando 
AQ6317), electrical spectrum analyzer (ESA) showing RF spectrum of a pulse train captured with a 
high-speed photodiode (22 GHz Lightwave section HP 70810B integrated in the Spectrum Analyzer 
System HP 70004A was used for 10 GHz MLLs). The RF spectra of a pulse train was used to 
estimate the jitter characteristics using D. von der Linde method described in [26] by measuring the 
single-sideband phase noise spectral density as depicted in Figure 1.6 (b). A part of the light was fed 
into a frequency-resolved optical gating (FROG) setup, which offers complete pulse characterization 
simultaneously in time and frequency domain [275]. Due to the low pulse intensity inherent for 
semiconductor MLLs (≤ 1 pJ), EDFA amplifiers were introduced along the routing. 
A schematic diagram of the FROG setup is shown in Figure 5.22. The pulse sampling occurs using 
an autocorrelator (AC), which splits the signal into two replicas with a varying time delay between 
them. The replicas overlap in a second harmonic generating (SHG) crystal (KTiOPO4 (KTP)), after  
 
Figure 5.21: Experimental setup used for complex MLLs characterization. AC – autocorrelation, 
FROG – frequency-resolved optical gating. 
 
Figure 5.22: A schematic of a second-harmonic generation (SHG) based FROG setup. 
Chapter 5. Material Characterization and Laser Performance 87 
 
 
which the SHG signal is detected using a high-resolution spectrometer (Ocean Optics HR2000) as a 
function of time delay. In such a manner, a time-dependent spectrally resolved electrical field of a 
pulse (a spectrogram) is collected. The measured FROG spectrogram can be converged using a phase 
retrieval algorithm to determine a pulse duration, optical spectrum, and spectral phase profile (pulse 
chirp). For comparison, commonly used intensity AC with a fast photodetector instead of a 
spectrometer results in symmetric pulse shape traces while losing phase information. Pulse 
asymmetry, typically seen for semiconductor MLLs, and highly structured pulses e.g. accompanied 
with trailing pulses cannot be adequately observed [123]. Therefore, AC provides unreliable pulse 
characteristics which raises a dispute on the credibility of 391 fs and 360 fs short pulse generation 
from QD MLLs reported in [58] and [60] as discussed in [123]. The FROG technique has more strict 
criteria for determining stable mode-locking. Thus, if pulses are strongly distorted and unstable, the 
resulting spectrogram is a complex combination of a multiple varied pulses, which leads to failure of 
the retrieval algorithm and incorrect pulse measurements. 
In practice, it is important to obtain zero intensity at the spectrogram boundaries for pulse retrieval. 
The FROG spectrogram size and resolution are limited by an NxN matrix mesh, where N time delay 
points spaced by Δt and N wavelength points with a frequency spacing of 1/(NΔt), and by a 
bandwidth of an SHG crystal. In the performed experiments, a strong pulse broadening and high jitter 
were observed for both integrated and non-integrated QW passively MLLs, which, in most cases, 
resulted in the poor convergence of the measured FROG spectrograms with a high error (RMS 
deviation between measured and retrieved spectrograms > 0.02). This restricted accurate systematic 
study of the device performance. Thereby, only the best achieved results and general observations are 
described in this section. 
5.3.2  Mode-Locked Laser Performance Characteristics 
Pulse duration 
The shortest pulse duration achieved for integrated MLLs was 890 fs (FWHM, assuming Gaussian 
pulse shape) at approximately ~10.8 GHz repetition rate (Ltot = 4.15 mm, LEAM =20 µm). A gain 
current was 165 mA (I/Ith = 2.6) and an absorber reverse bias was -4 V. Due to the high internal losses 
for this device, the spectrum was centered around 1525 nm at RT (see FP spectrum in Figure 5.7). In 
order to utilize the EDFA bandwidth (1530-1560 nm), the measurements were performed at 34ºC by 
shifting the spectrum to longer wavelengths.  
Figure 5.23 (top row) shows the measured and retrieved FROG spectrograms. The FROG error 
was 0.0098, which indicates sufficient agreement between the converged and measured pulse 
spectrum (retrieved optical spectrum shown in Figure 5.23 (middle row, right) has an asymmetric 
shape which was directly recorded by the OSA e.g. in Figure 5.24 (black)).  
The corresponding temporal pulse trace depicted in Figure 5.23 (middle row, left) exhibits 
asymmetric shape. As described in Section 2.3, the fast absorber saturation makes the leading part 
steeper compared to the slow trailing edge due to the broadening in the gain section. The front is up-
chirped in frequency and down-chirped in the tail in agreement to the arguments provided in Figure 
2.6. Thus, the pulse width and the effective optical bandwidth were determined as 2.8 ps and 4.1 nm 
(0.51 THz), respectively, resulting in a TBP product of 1.43. The post-processing numerical pulse 
compression associated with a pass through ~ 40 m SMF results in 890 fs pulses with the TBP of 
0.454. No high intensity trailing pulses or spectral modulation was detected, which proves the low 
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Measured FROG trace [dB] Retrieved FROG trace [dB] 
  
Retrieved field Retrieved spectrum 
  
Retrieved field with 0.68 ps/nm added 
 
 
Driving conditions: 
T = 34° C 
ISOA = 2.6 x Ith=165 mA 
VEAM = -4 V 
 
Retrieved field: 
FROG error: 0.00983 
Pulsewidth (FWHM) 2.8 ps 
TBP product 1.43 
 
Post-processing numerical compression: 
After 0.68 ps/nm (~ 40 m SMF) dispersion  
Pulsewidth (FWHM) 890 fs 
TBP product 0.454 
Figure 5.23: FROG spectrograms (top row), retrieved electrical field in time and frequency 
domain (middle row) and pulse shape after dispersion compensation (bottom row) obtained for 10 
GHz ABL QW SOA – MQW EAM integrated MLL with 20 µm long absorber section. EAM facet 
is HR coated.  
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internal reflection on the BJR interface (the small feature on the right side is a numeric artifact). For 
comparison, the smallest pulse duration for 10 GHz “non-integrated” ABL QW MLLs was 990 fs at 
120 mA SOA current and - 2.4 V EAM bias (after numerical pulse compression. High FROG error of 
0.0199). This result is among the best in term of pulse duration achieved for long (10 GHz) two-
section all-active QW-based passively MLLs (see Figure 1.7 in Introduction), however, no significant 
improvements in terms of pulsewidth was achieved for the integrated MLLs due to the importance of 
ultrafast QW dynamics in the sub-ps range.  
Optical spectrum 
MLL operation in different lasing regimes is typically observed, such as stable mode-locking, 
incomplete mode-locking and self-pulsation or Q-switching, which can be detected by a complex 
change in pulse characteristics, optical and RF spectrum. Since passive mode-locking is the result of 
the dynamic interplay between the processes in the gain and absorber section as described in Chapter 
2, MLL performance largely depends on the driving conditions. In order to explain the behavior, the 
gain saturation, absorber modulation depth and recovery times must be taken into account in 
combination with respect to the broadening effects and nonlinearities imposed by SPM and GDD.  
Typical optical spectra acquired on the integrated MLL with 40 µm long absorber section under 
different reverse biasing are plotted in Figure 5.24. In particular in this plot, a small increasing of 0.4 
V in the bias applied to the integrated EAM is shown to blue-shift the spectrum and modify its shape. 
One possible explanation is the transition between the mode-locking regime (black curve) to the Q-
switching regime (red) associated with an increased band-edge absorption at higher voltages. 
However, no indicative degradation in optical spectral modulation or pulse RF spectra was observed 
in this case. 
Another reason is the band-edge absorption detuning in the integrated MQW EAM with respect to 
the gain, which is anticipated to have a strong influence on the spectral behavior and establishing the 
pulse generation. If the absorption band-edge is near the gain peak and the losses at these wavelength 
are high (corresponding to a lower voltage), the emission is shifted to the longer wavelength. At larger 
reverse voltages, the maximum absorption (excitonic) peak is reduced due to QCSE and the emission 
wavelength is closer to the peak gain. At the same time, the absorption saturation in the long 
wavelength range is stronger at lower voltages that may lead to more efficient modulation, and 
thereby, more stable mode-locking and a smaller pulsewidth can be achieved as illustrated in Figure 
5.23. However, the process is more complex, and the absorber reverse biasing affects also the  
 
Figure 5.24: (a) Typical optical spectrum shaping observed for integrated MLLs at different 
driving conditions in dBm. T=34ºC. SA facet is HR coated. 3dB bandwidth is shown.  
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recovery time, may change SPM behavior. Additionally, many-body effects and heating should be 
taken into account as they shift absorption edge and strength, especially for sub-ps pulses. The 
screening of the external field at high carrier concentration blue-shifts the absorption band-edge and 
increase recovery time. 
An increase in the current in the gain section commonly resulted in pulse broadening due to SFM, 
self-pulsation and CW component at current densities much above the threshold seen as additional 
peaks on the RF spectrogram. The nonlinear shift between the central emission wavelengths similar to 
Figure 5.24 was also observed.  
Jitter 
The best noise figure was achieved at low current densities and high reverse biasing of the 
absorber in case of integrated MLLs. Figure 5.25 (a) shows the RF spectra of integrated and non-  
 
(a) 
 
 
(b) 
 
 
 
(c) 
 
(d) 
Figure 5.25: (a) RF spectra of non-integrated and integrated passive MLLs at various bias 
conditions. (b) Optical spectrum of the integrated 10 GHz device at 34ºC with the lowest timing 
jitter of 1.3 ps (20 kHz – 320 MHz) measured for the investigated passively MLLs (Note the 
intensity is in arb. units), (c) corresponding single sideband phase noise spectra and (d) jitter 
integrated over the range from 20 kHz to the “Max Integration Limit”. 
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integrated MLLs, where the reduction of the characteristic for QW pedestal associated with amplitude 
noise can be observed for in a wide range of operation conditions. The improvement is presumably 
due to larger non-saturable absorption provided by the MQW EAM compared to single QW absorber 
section in the “non-integrated” MLL and faster absorber recovery time when applying higher absorber 
voltage. This ensures more efficient modulation and reduces the CW component. Figure 5.25 (c, d) 
shows the single sideband phase (SSB) noise spectra and integrated jitter for the integrated MLLs 
corresponded to the RF spectra at I/Ith < 1.5. The jitter is reduced from 3 to 1 ps when applying 
higher absorber voltage (-4 V and -9 V, correspondingly). 
5.4  Summary 
In this section, intrinsic material properties of the QD and QW SOA and MQW absorber were 
investigated. Since the most of the devices were processed using dry etching for the ridge formation 
and had excessive p-doping in the top cladding, the high internal losses and consequently threshold 
currents were measured, which, in the prospective of MLLs, leads to high spontaneous recombination 
noise. The losses were reduced by factor of two using optimized doping in the p-cladding and wet 
etching, which is important to consider for the future work. 
The QD gain and absorption spectra and QD-based FP lasers was found to consist of low GS gain 
and dominant ES gain components without pronounced GS and ES state separation, which is 
consistent with the analysis of the influence of the shape of these self-assembled QD on QD energy 
states structure provided in Section 4.1.3. Due to the dense energy spectrum, no significant increase in 
gain saturation energy was observed. Moreover, poor electron confinement and high inhomogeneous 
broadening resulted in reduced internal efficiency and high threshold carrier densities. Thereby, the 
application of this type of QDs in MLL amplifier was limited, and further development of QD 
material is needed.   
The characterization of single QW amplifiers of different epitaxial layer design was performed. A 
twofold increase in efficiency and output power, and improved temperature stability was achieved in 
QW SOA with asymmetric unipolar barriers compared to the conventional symmetric QW structure 
owing to the reduced carrier leakage. It was shown that the high population inversion required for 
MLL noise reduction is difficult to realize in long (10 GHz) lasers due to the inherently high gain 
coefficient. The possibility to reduce the differential gain was demonstrated for the offset QW 
waveguide geometry with lowered confinement factor. 
Since the quality of the BRJ interface can significantly affect the performance of the integrated 
MLLs, the internal reflectivity, losses and current leakage were measured to validate the applicability 
of the BJR technique for the realization MLLs. The resulting internal reflectivity below 2.1×10
-5
 was 
found sufficiently low to prevent intracavity feedback, which was further proven by the absence of 
spectral modulation and secondary pulse formation from integrated MLLs. The coupling optical 
losses were estimated to be 1.1 dB per interface due to the bent up growth profile and deflection of the 
light out of the waveguide. 
The performance of 10 GHz passively MLLs consisting of integrated QW gain section with MQW 
EAM was demonstrated to allow for 900 fs pulse generation with reduced timing jitter compared to 
non-integrated QW MLLs owing to the fast EAM recovery. However, the detail study of the MLL 
behavior were restricted by  the strong broadening in the long gain section.  
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Chapter 6  
Conclusions and Outlook 
6.1  Conclusions 
This work has examined the material engineering for semiconductor monolithically integrated two-
section mode-locked lasers for low-noise sub-picosecond pulse generation at wavelength of 1.55 µm 
using the InP/InGaAsP/AlGaInAs material platform. In order to overcome the ultrafast limitations, the 
design of the epitaxial material was performed independently for the amplifier and absorber sections 
with an emphasis on gain dynamics, which has shown to have a major influence on the pulse 
instabilities and broadening. The first option to improve pulse quality was to utilize quantum dots 
(QDs) for pulse amplification owing to the slow "ultrafast" gain recovery, and hence suppressed fast 
perturbation in carrier density. Due to technological constraints in the growth of 1.55 μm self-
assembled QD material, a deep, narrow, and single quantum well (QW) was considered as a good 
alternative due to the reduced effects of carrier heating and spectral hole-burning on gain suppression 
under high population inversion. An advanced QW separate confinement heterostructure design was 
elaborated using the asymmetric barrier layer (ABL) approach and a tailored asymmetric waveguide 
core. In order to provide fast absorption recovery, and hence ensure efficient pulse reshaping, a QCSE 
electro-absorption modulator (EAM) consisting of shallow multiple quantum wells (MQWs) with a 
low carrier confinement and low saturation energy was chosen. Moreover, a high absorption 
coefficient can be obtained to realize the shortest possible absorber and thereby enhance self-colliding 
effect.  
The development of a reliable in-plane integration process has been a critical part of the project 
since even low internal reflection at the insertion interface (R > 10
-5
) has a destructive effect on pulse 
formation. Planar high-quality integration of QD and QW amplifiers consisting of either symmetric 
InGaAsP or complex InGaAsP/AlGaInAs waveguide core with MQW EAM has been successfully 
performed. The influence of growth morphology, thickness and compositional variation which are 
associated with the BJR process on the optical quality of the integrated material were experimentally 
analyzed. The results showed a small bandgap blue-shift of less than 20 meV over tens of microns 
when moving toward the regrowth interface which is favorable for avoiding uncontrollable 
absorption. The bent-up growth profile ensured a reflectivity lower than 2×10
-5
 which was sufficient 
to prevent intracavity feedback. The low internal reflection was further proven by the absence of 
spectral modulation and secondary pulse formation from integrated MLLs. The resulting deflection of 
the light out of the waveguide contributes to coupling optical losses estimated at 1.1 dB per interface. 
Therefore, the complete examination of the properties of the regrowth interface, which are critical for 
achieving high device performance, validated the applicability for the fabrication of MLLs and 
opened perspectives for the fabrication of more advanced compact all-active integrated devices 
including Al-containing materials. 
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The investigation of self-assembled InAs/InGaAsP/InP QDs grown by MOVPE showed the 
correlation between their structural and optical properties. Due to the small (3%) lattice mismatch 
inherent in InAs/InP material system, the resulting QDs demonstrated shallow lens shape with a low 
aspect ratio (the average height and base diameter were 2.0 ± 0.2 nm and 23.5 ± 1.8 nm), which leads 
to a small separation between the ground and excited energy states (50 meV at 7 K). In combination 
with strong inhomogeneous broadening of a QD ensemble (RT PL FWHM ~ 90 meV), the measured 
gain spectra was quasi-continuous with reduced GS gain (GS modal gain of 2 cm
-1
 versus peak (ES) 
modal gain of 5 cm
-1
 per QD layer) and enhances carrier-carrier interaction. This partially eliminates 
advantages of QD ultrafast dynamics. Moreover, low carrier confinement in the QDs with InGaAsP 
barriers accompanied by FCA reduces the internal efficiency (ηi ~ 10% at RT for 1 mm FP laser) and 
thereby would have implied high threshold current and spontaneous emission noise. Therefore, no 
mode-locking has been demonstrated using this material. Further development was suggested at 
aiming to refine the dimension control on the QDs and carrier confinement by using larger potential 
barriers based on InP or AlGaInAs. The first results on InAs/InP QDs showed improved aspect ratio 
(the average height and base diameter were 2.34 ± 0.16 nm and 13.6 ± 1.0 nm long in the [-110] 
direction and 18.7 ± 1.6 nm in the [-1-10] direction). An increase in the ground and excited state 
separation up to 70 meV (7 K) was predicted, which makes this material promising for laser 
application. 
Superior laser properties were demonstrated for the designed 3 nm compressive-strained 
InGaAs(P)/InAlAs/InP ABL QW gain medium embedded in the asymmetric waveguide structure 
based on AlInGaAs and InGaAsP materials optimized for efficient carrier transport while maintaining 
proper optical confinement and symmetric optical field compared to the conventional InGaAsP/InP 
6.5 nm c-QW SOA. The investigation of 4 mm long 2 µm wide ridge FP laser performance showed an 
increase in internal efficiency from 46% for the c-QW to 93% for the ABL QW and the characteristic 
temperature from 22 K to 45 K at 70°C owing to reduced carrier leakage. The output power from the 
ABL QW FP laser was > 45 mW per facet at 5 kA/cm
2
 at RT without achieving thermal roll-over.  
In correspondence with the simulation results, the threshold conditions for long (10 GHz) MLLs 
based on ABL QW material could be achieved at significantly low population inversion due to the 
high gain coefficient (peak modal gain ~ 20 cm
-1
). The possibility to increase inversion, and thereby 
improve QW MLL performance, using an offset ABL QW SOA design (the confinement factor was 
reduced by factor of 1.2) was discussed and realized. However, the structure suffered from a higher 
series resistance on the wide lightly n-doped waveguide layer and increased Auger recombination (ηi 
~  46%) presumably due to the high hole concentration produced when the QW is placed above the p-
doped top-cladding. Further improvement may be achieved by optimizing the separate heterostructure 
to lower the confinement factor and doping level to improve carrier transport and lower the losses.  
Mode-locking operation was demonstrated for the centered and offset ABL QW 10 GHz passively 
MLLs integrated with MQW EAM and for the non-integrated ABL QW MLLs. The shortest pulse 
width of 890 fs and jitter of 1.3 ps (20 kHz – 320 MHz) were measured on integrated MLLs. Reduced 
noise compared to the non-integrated lasers (typically few ps) is due to the faster absorption recovery 
in shallow QWs used in the EAM. Pulse duration achieved (on the order of a few picoseconds) is 
comparable with previously reported results, which shows the importance of ultrafast carrier 
redistribution and gain dynamics in QW material in the sub-picosencond range. The systematic 
investigation of pulse properties was limited due to the strong broadening and high jitter, therefore not 
attainable by FROG technique. 
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6.2  Outlook 
The design and investigation of the amplifier and saturable absorber properties have been done in 
this work based on the steady-state material parameters while the characterization of the dynamic 
properties has been beyond the scope of the work. More advanced analysis is required in order to 
estimate an interdependent effect of the gain and absorber dynamic changes, broadening, band-gap 
detuning. Extended modeling and application of time-resolved characterization tools, such as pulp-
probe measurements of integrated devices, would provide more insight into the physics behind the 
dynamic regimes observed in integrated MLLs at different driving conditions and enable further 
optimization of these devices. 
The properties of the QD material studied in this work is in accordance with the results on 
InAs/InP QDs that have been demonstrated over the last decade. These moderate improvements, when 
compared with achievements reported for 1.1 – 1.3 µm InAs/GaAs QDs, may suggest the physical 
limitations of the self-assembled mechanism for InAs/InP material system and significant influence of 
FCA. So far, MBE grown QDashes in AlGaInAs matrix has provided the best performance. An 
alternative solution is MOVPE selective area etching and growth using e-beam or block copolymer 
lithography. This method does not rely on the strain relaxation process, and thereby can be potentially 
employed for the design of QD shape and composition, and ultimately for control over its energy state 
configuration. The development of the block copolymer lithography was partially done at DTU 
Fotonik during this Ph.D. study, and the preliminary results on selective area growth of the QDs 
employing block copolymer lithography can be found in [209], while the MOVPE in-situ etching and 
growth processes were studied in [217].    
    
Concerning the QW MLLs, an extended cavity configuration with a passive section made by 
quantum well intermixing or butt-joint regrowth, could be considered for achieving high population 
inversion and reduced pulse broadening during pulse propagation. Furthermore, improved 
performance can be achieved by implementing a DBR with tailored intracavity dispersion or e.g. 
external resonant filter cavities suitable for low frequency pulse generation.  
Alternative materials such as Sb-containing alloys forming the staggered (type II) band alignment 
can be potentially used for MLLs since the reduced spontaneous emission and high saturation energy in 
the amplifier and a strong electro-optic response attractive for an EAM are expected. 
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Appendix A 
Epitaxial Structure Description 
The appendix includes detailed descriptions of the epitaxial layer structures of the single QW and 
QD SOAs and MQW EAM studied in this dissertation. The given material parameters used for the 
numerical calculation are determined by interpolation from binaries including bowing coefficients for 
ternaries taken from the review [276]. The refractive index of AlQ alloys are obtained from the 
empirical interpolation expression derived in [277]. The active layers are highlighted in pink. 
A.3. Single QW SOA section with narrow (SOA_1) and wide (SOA_2) QW 
Function Material  Eg, um Strain, % d, nm Ndop, cm-3 nrefr Tgr, °C 
Standoff InP 0.92  40 n.i.d. 3.167 610 
p-Waveguide In0.79Ga0.22As0.47P0.53 1.13  235 n.i.d. 3.334 610 
p-Barrier In0.52Al0.48As 0.86  20 n.i.d. 3.26 610 
QW (SOA_1) In0.81Ga0.19As0.86P0.14 1.55 -1.34 6.2 n.i.d. 3.6 610 
QW (SOA_2) In0.75Ga0.25As 1.55 -1.47 3.2 n.i.d. 3.6 610 
n-Barrier InP 0.92  10 n.i.d./1e17 3.167 650-610 
n-Waveguide In0.53Al0.27Ga0.20As 1.07  235 n.i.d./2e17 
δ-dop. 2e18 
3.334 650 
Buffer InP 0.92  250 2e18-1e17 3.167 610 
Wet etch stop layer In0.70Ga0.30As0.65P0.35 1.25  10 2e18 3.341 610 
Buffer InP 0.92  800 1.5e18 3.167 610 
Substrate (µm) InP 0.92  350   3.167 610 
 
Eg is the energy bandgap for bulk materials or the ground state transition for QWs and QDs, d is the layer 
thickness, Ndop is the nominal doping concentration during growth, nrefr is the refractive index at 1.55 μm, Tgr is 
the growth temperature; n.i.d. - nonintentionally doped. 
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A.2. Reference single c-QW SOA section with a symmetric SCH structure 
Function Material  Eg, um Strain, % d, nm Ndop, cm-3 nrefr Tgr, °C 
Standoff InP 0.92  40 n.i.d. 3.167 610 
p-Waveguide In0.85Ga0.15As0.32P0.68 1.05  235 n.i.d. 3.279 610 
p-Barrier In0.49Ga0.51As0.86P0.14 1.32 0.78 4.6 n.i.d. 3.435 610 
QW In0.75Ga0.25As0.86P0.14 1.55 -1.02 6.5 n.i.d. 3.6 610 
n-Barrier In0.49Ga0.51As0.86P0.14 1.32 0.78 4.6 n.i.d. 3.435 610 
n-Waveguide In0.85Ga0.15As0.32P0.68 1.05  235 5e17 3.279 610 
Buffer InP 0.92  250 2e18-1e17 3.167 610 
Wet etch stop layer In0.70Ga0.30As0.65P0.35 1.25  10 2e18 3.341 610 
Buffer InP 0.92  800 1.5e18 3.167 610 
Substrate (µm) InP 0.92  350   3.167 610 
A.3. “Offset” ABL QW SOA section 
Function Material  Eg, um Strain, % d, nm Ndop, cm-3 nrefr Tgr, °C 
Standoff InP 0.92  50 n.i.d. 3.167 610 
p-Barrier In0.52Al0.48As 0.86  20 n.i.d. 3.26 610 
QW (SOA_2) In0.75Ga0.25As 1.60 -1.47 3.6 n.i.d. 3.6 610 
n-Barrier InP 0.92  10 n.i.d. 3.167 650-610 
n-Waveguide In0.53Al0.27Ga0.20As 1.07  470 1e17-2e18 3.334 650 
Buffer InP 0.92  250 1e17 3.167 610 
Wet etch stop layer In0.70Ga0.30As0.65P0.35 1.25  10 2e18 3.341 610 
Buffer InP 0.92  800 1.5e18 3.167 610 
Substrate (µm) InP 0.92  350   3.167 610 
A.4. InAs/InGaAsP/InP QD SOA section 
Function Material  Eg, um d, nm Ndop, cm-3 nrefr Tgr, °C 
Standoff InP 0.92 50 n.i.d. 3.167 610 
p-Waveguide In0.83Ga0.17As0.38P0.62 1.08 160 n.i.d. 3.300 610 
x 3 
Barrier In0.83Ga0.17As0.38P0.62 1.08 30 n.i.d. 3.300 610 
Barrier In0.83Ga0.17As0.38P0.62 1.08 10 n.i.d. 3.300 515 
Cap layer GaAs  1.7 ML n.i.d.  515 
QDs InAs 1.55 1.65 ML n.i.d. 3.6 515 
Barrier In0.83Ga0.17As0.38P0.62 1.08 30 n.i.d. 3.300 610 
n-Waveguide In0.83Ga0.17As0.38P0.62 1.08 160 n.i.d./2e17 
δ-dop. 2e18 
3.300 610 
Buffer InP 0.92 250 2e18-1e17 3.167 610 
Wet etch stop layer In0.70Ga0.30As0.65P0.35 1.25 10 2e18 3.341 610 
Buffer InP 0.92 800 1.5e18 3.167 610 
Substrate (µm) InP 0.92 350   3.167 610 
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A.5. InAs/AlGaInAs/InP QD SOA section 
Function Material  Eg, um d, nm Ndop, cm-3 nrefr Tgr, °C 
Standoff InP 0.92 40 n.i.d. 3.167 610 
p-Waveguide In0.79Ga0.22As0.47P0.53 1.13 150 n.i.d. 3.334 610 
p-Barrier In0.52Al0.48As 0.86 20 n.i.d. 3.26 610 
Barrier InP 0.92 5 1e17 3.167 485 
QDs  InAs 1.55 0.5 n.i.d. 3.6 485 
Barrier InP 0.92 5 n.i.d. 3.167 610 
Spacer In0.53Al0.27Ga0.20As 1.07 20 n.i.d. 3.334 610 
Barrier InP 0.92 5 n.i.d. 3.167 485 
QDs InAs 1.55 0.5 n.i.d. 3.6 485 
Barrier InP 0.92 0.5 n.i.d. 3.167 650-610 
n-Waveguide In0.53Al0.27Ga0.20As 1.07 150 n.i.d./2e17 
δ-dop. 2e18 
3.334 650 
Buffer InP 0.92 250 2e18-1e17 3.167 610 
Wet etch stop layer In0.70Ga0.30As0.65P0.35 1.25 10 2e18 3.341 610 
Buffer InP 0.92 800 1.5e18 3.167 610 
Substrate (µm) InP 0.92 350   3.167 610 
A.6. MQW EAM section 
Function Material  Eg, um Strain, % d, nm Ndop, cm-3 nrefr Tgr, °C 
p-Waveguide InP 0.92  120 n.i.d. 3.167 610 
p-Waveguide In0.85Ga0.15As0.32P0.68 1.13  50 n.i.d. 3.334 610 
p-Waveguide In0.70Ga0.30As0.65P0.35 1.25  50 2e18 3.341 610 
 Barrier In0.59Al0.16Ga0.25As 1.3 -0.4 6.6 n.i.d. 3.47 650 
n x QW In0.46Ga0.54As 1.5 0.52 8.6 n.i.d. 3.51 650 
 Barrier In0.59Al0.16Ga0.25As 1.3 -0.4 6.6 n.i.d. 3.47 650 
n-Waveguide In0.85Ga0.15As0.32P0.68 1.13  50 n.i.d. 3.334 610 
Buffer InP 0.92  350 2e18-1e17 3.167 610 
Buffer InP 0.92  800 1.5e18 3.167 610 
Substrate (µm) InP 0.92  350   3.167 610 
n is the number of QWs which was varied to obtained the desired absorption strength. The WG layer thicknesses 
were adjusted for the optimal mode coupling (here the WGs were optimized for n=8).  
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A.7. Long-wavelength MQW absorber section 
Function Material  Eg, um Strain, % d, nm Ndop, cm-3 nrefr Tgr, °C 
p-Waveguide InP 0.92  120 n.i.d. 3.167 610 
p-Waveguide In0.85Ga0.15As0.32P0.68 1.13  50 n.i.d. 3.334 610 
p-Waveguide In0.70Ga0.30As0.65P0.35 1.25  50 2e18 3.341 610 
 Barrier In0.53Al0.07Ga0.40As 1.44  6 n.i.d. 3.50 650 
4 x QW In0.53Ga0.47As 1.60  10.6 n.i.d.  650 
 Barrier In0.53Al0.07Ga0.40As 1.44  6 n.i.d. 3.50 650 
n-Waveguide In0.85Ga0.15As0.32P0.68 1.13  50 n.i.d. 3.334 610 
Buffer InP 0.92  350 2e18-1e17 3.167 610 
Buffer InP 0.92  800 1.5e18 3.167 610 
Substrate (µm) InP 0.92  350   3.167 610 
A.8. Laser upper cladding 
Function Material  Eg, um d, nm Ndop, cm-3 nrefr Tgr, °C 
Protective layer InP 0.92 20 n.i.d. 3.167 610 
Contact In0.53Ga0.47As 1.65 175 >1e19 3.533 610 
Contact In0.70Ga0.30As0.65P0.35 1.25 100 5e18 3.341 610 
Cladding InP:Zn 0.92 25 2e18-5e18 3.167 610 
Cladding InP:Zn 0.92 550 2e18 3.167 610 
Cladding InP:Zn 0.92 125 1.5e18-2e18 3.167 610 
Cladding InP:Zn 0.92 75 0.75e18-1.5e18 3.167 610 
Cladding InP:Zn 0.92 400 0.25e18-0.75e18 3.167 610 
Cladding InP:Zn 0.92 500 0.1e18-0.25e18 3.167 610 
Cladding InP:Zn 0.92 100 8e17-1e17 3.167 610 
Wet etch stop* In0.79Ga0.22As0.47P0.53 1.13 10 1e17 3.334 610 
Dry etch stop* In0.52Al0.48As 0.86 20 9e17 3.26 610 
Spacer InP 0.92 10 1e17 3.167 610 
Spacer InP 0.92 10 Diffused from ↑ 3.167 610 
* depends if the wet or dry etching approach was used for the ridge waveguide etching (see Appendix B.2) 
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Appendix B 
Process Flow  
The appendix contains a step-by-step process flow used for the fabrication of integrated MLLs 
studying in the thesis. The MLL mask layout can be found in Figure 4.22 (a) and the schematic of 
MLLs processing was presented in Figure 4.23. All process steps were performed at the DANCHIP 
cleanroom using facilities available during the work on this Ph.D. project. The recipes need to be 
tested and adjusted in case of transferring to another machine. 
B.1. Butt-joint Regrowth Process 
1. Mask layer deposition 
Cleaning 
SiO2 deposition (100 nm) 
Acetone – 5 min; ethanol – 1 min; DI-water – 1 min; N2 blow dry 
PECVD SiH4/N2O/N2 12/392/1420 sccm, 550 mTorr, 100 W, 300 
o
C. 
Deposition rate: ~ 90 nm/min 
2. SAG mask definition 
Photoresist coating 
 
 
UV exposure 
Development 
Postbake 
HMDS – 15 min, air – 5 min; 
AZ5206E spinning 4000 rpm, 4000 rpm/s – 30 s (~ 600 nm);  
Softbake 90°C – 90 s 
Vacuum mode, 5 mW/cm2 – 3.5 s 
AZ351B:DI-water (1:5 VP)  – 45 s; DI-water – 1 min; N2 blow dry 
90°C – 90 s 
Mask etching 
 
Dry etching 
RIE CHF3/O2 16/2 sccm; 100 
mTorr; 60 W, RT. Etch rate (SiO2): 
~ 29 nm/min 
Wet etching1 
BHF – 60 s; DI-water – 1 min; N2 
blow dry 
Resist removal Acetone – 5 min; ethanol – 1 min; DI-water – 1 min; N2 blow dry 
O2 plasma ashing 0.2 mbar, 100 W - 5 min 
3. Mesa block etching 
Etching down to the InP buffer 
layer 
Water rinse 
ICP-RIE HBr/CH4/Ar 10/5/2 sccm, 1 mTorr, 600 W ICP, 50 W RF, 180°C. 
Etch rate (InP): ~ 200 nm/min; etch rate (SiO2): ~ 16 nm/min 
DI-water – rinse; N2 blow dry  
Wet etching of the InP buffer 
layer down to the stop layer 
HCl:H3PO4 1:4 – 30 - 60 s, DI-water – 1 min; N2 blow dry, Etching rate 
(InP):  0.5 µm/min; etching rate (Q(1.1) ): < 2 nm/min 
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Mask under-etching H2SO4:H2O2:H2O 1:8:80 ~ 10-20 s for QW SOA and ~ 2.5 min for QD 
SOA (should be adjusted for each epi-structure) 
4. Pre-growth cleaning 
Ashing 
Wet etching 
In-situ deoxidation 
O2 plasma ashing 0.2 mbar, 100 W - 5 min 
H2SO4 – 5 min; DI-water – 1 min; DI-water – 3 min; N2 blow dry 
Annealing at 650°C under PH3 atmosphere – 15 min 
5. MOVPE growth of an EAM 
SiO2 mask removal BHF – 60 s; DI-water – 1 min; N2 blow dry  
6. Pre-growth cleaning (see step 4) 
7. MOVPE growth of a top cladding 
1
Improved edge roughness, but pattern definition suffers from underetching. 
B.2. Device Fabrication 
1. SiO2 mask layer deposition 
Cleaning 
InP Cap Layer Removal 
 
SiO2 deposition (100 nm or 
300 nm) 
Acetone – 5 min; ethanol – 1 min; DI-water – 1 min; N2 blow dry 
HCl:H3PO4 (1:4 VP) – 1 min, DI-water – 1 min; N2 blow dry. Etch rate (InP) 
~ 0.5 µm/min 
PECVD SiH4/N2O/N2 12/1420/392 sccm, 550 mTorr, 100 W, 300°C. 
Deposition rate: ~ 90 nm/min  
2. Ridge mask definition 
Photoresist coating with ~ 600 
nm AZ5206E 
 
 
UV exposure 
Development 
Postbake 
Descum 
Mask etching 
 
Resist removal 
HMDS – 15 min, air – 5 min; 
AZ5206E spinning 4000 rpm, 4000rpm/s – 30 s;  
Softbake 90°C – 90 s 
Vacuum mode, 5 mW/cm2 – 3.5 s 
AZ351B:DI-water (1:5 VP)  – 45 s; DI-water – 1 min; N2 blow dry 
90°C – 90 s 
O2 plasma ashing 0.2 mbar, 40 W - 1 min 
RIE CHF3/O2 16/2 sccm; 100 mTorr; 60 W, RT. Etch rate (SiO2): ~ 29 
nm/min 
Acetone – 5 min; ethanol – 1 min; DI-water – 1 min; N2 blow dry 
O2 plasma ashing 0.2 mbar, 100 W - 5 min 
3. Ridge waveguide etching 
3.a.  Dry etching approach 
Etching of ~ ½ top cladding ICP-RIE Cl2/Ar/N2 20/10/40 sccm, 2 mTorr, 500W ICP, 100 W RF, 180°C – 
~ 2 min. Etch rate (InP): ~ 500 nm/min; etch rate (SiO2): ~ 35 nm/min  
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Contact separation gap opening by UV lithography and SiO2 RIE etching: 
Photoresist coating with ~ 2 
µm AZ5214 
 
 
 
UV exposure 
Development 
Postbake 
Mask etching 
Baking 150°C – 45 min 
HMDS – 15 min, air – 5 min; 
AZ5214 spinning 4000 rpm, 2000 rpm/s – 30 s;  
Softbake 90°C – 120 s 
Vacuum mode, 5 mW/cm2 – 10 s 
AZ351B:DI-water (1:5 VP)  – 60 s; DI-water – 1 min; N2 blow dry 
120°C – 120 s 
RIE CHF3/O2 16/2 sccm; 100mTorr; 60 W, RT. Etch rate (SiO2): ~ 29 
nm/min 
Finishing etching of the top 
cladding down to stop layer 
and contact layers in the 
separation gaps  
RIE CH4/H2 8.4/42 sccm, 80 mTorr, 60 W (with cyclic O2 injection to 
remove polymer). Etch rate (InP): ~ 29 nm/min, etch rate (InGaAs): ~ 9 
nm/min 
3.b.  Wet etching approach 
Etching through the contact 
layers 
ICP-RIE Cl2/Ar/N2 20/10/40 sccm, 2 mTorr, 500W ICP, 100 W RF, 
180°C – ~ 1 min. Etch rate (InP): ~ 500 nm/min; etch rate (SiO2): ~ 35 
nm/min  
Wet etching of InP upper  
cladding down to the stop 
layer 
HCl:H3PO4 1:4 – 4 min, DI-water – 1 min; N2 blow dry, Etching rate (InP):  
0.5 µm/min; etching rate(Q(1.1) ): < 2 nm/min 
Contact separation gap opening by UV lithography and SiO2 RIE etching (see step 3.a) 
Wet etching of the contact 
layers in the separation gaps 
Resist removal 
H2SO4(10%) : H2O2 1:1 – 45 s, DI-water – 1 min; N2 blow dry 
 
Acetone – 5 min; ethanol – 1 min; DI-water – 1 min; N2 blow dry 
O2 plasma ashing 0.2 mbar, 100 W - 5 min 
4. BCB planarization 
SiO2 deposition (~ 25 nm) 
 
BCB coating 
 
 
 
 
Etching back 
PECVD SiH4/N2O/N2 12/1420/392 sccm, 550 mTorr, 100 W, 300 oC. 
Deposition rate: ~ 90 nm/min 
AP3000 spinning 1000 rpm, 1000 rpm/s – 60 s (open);  
Softbake 150°C – 1 min 
BCB (Cyclotene 3022-46)  spinning 2000 rpm, 4000 rpm/s – 60 s (~ 3.5 µm); 
Softbake 170°C – 6 min 
Curing in an oven at 250°C – ~ 3 h 
RIE CHF3/O2 24/8 sccm; 30 mTorr; 30 W, RT. Etch rate (BCB): ~  144 
nm/min; etch rate (SiO2): ~ 29 nm/min 
5. Top side (p-type) metallization 
Photoresist coating2 
 
 
 
Positive tone resist 
AP3000 spinning 1000 rpm, 1000 
rpm/s – 60 s (open);  
Softbake 150°C – 1 min 
LOR5B spinning 4000 rpm, 4000 
Negative tone resist 
AP3000 spinning 1000 rpm, 1000 
rpm/s – 60 s (open);  
Softbake 150°C – 1 min 
AZ2020 spinning 2000 rpm, 4000 
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UV exposure 
Post Exposure Bake 
Development 
 
SiO2 mask removal 
 
Metal evaporation 
Lift-off 
rpm/s – 45 s (~ 500 nm); 
Softbake 170°C – 5 min 
AZ5206 spinning 4000 rpm, 4000 
rpm/s – 30 s (~ 600 nm); 
Softbake 90°C – 90 s 
Vacuum mode, 5mW/cm2 – 7 s 
- 
AZ351B:DI-water 1:5  – 120 s; DI-
water – 1 min; N2 blow dry 
BHF – 60 s; DI-water – 1 min; N2 
blow dry 
Ti/Pt/Au 50/75/500 nm 
Remover 1165 at 65°C – ~ 30 min; 
acetone – rinse;  isopropanol – 1 min; 
N2 blow dry 
rpm/s – 60 s (~ 2 µm); 
Softbake 110°C – 60 s 
 
 
 
Vacuum mode, 5mW/cm2 – 10 s 
PEB 110°C – 60 s 
AZ726 MIF – 120 s; DI-water – 1 
min; N2 blow dry 
BHF – 60 s; DI-water – 1 min; N2 
blow dry 
Ti/Pt/Au 50/75/500 nm 
Acetone – 15 min; ethanol – 1 min; 
N2 blow dry 
6. Back side thinning 
Wafer bonding 
Thinning down to ~ 100 µm 
Wafer release 
Bonding a wafer with wax to a glass carrier using a hot plate at 60-70°C  
Lapping down ~ 10 µm/min using 3 µm Al2O3 powder 
Ecoclear at 65°C – ~ 30 min; ethanol – 1 min; N2 blow dry 
7. Back side (n-type) metallization 
Contact metal evaporation 
Annealing 
Die-bonding metal evaporation 
Ni/Ge/Au 80/100/250 nm 
Rapid Thermal Annealing at 420°C - 5 s (n-side up) 
Ti/Pt/Au 50/75/500 nm 
8. Cleaving into bars and die-bonding 
Cleaving 
Die-bonding 
Scribing with a precision of ~ 5 µm; manual cleaving 
Eutectic metal soldering at 335 °C (pulse heat) using Au/Sn 80/20 alloy 
(forming gas 10% H2 in N2) to AlN carriers with metallic coatings 
9. High-reflection and anti-reflection coating 
Cleaning 
Dielectric evaporation 
O2 plasma ashing 0.2 mbar, 100W - 2 min 
AR coating: 1 pair of TiOx/SiO2 130/206.8 nm [110] 
HR coating: 4 pairs of SiO2/Si 266.7/121.9 nm [110] 
2 
Negative tone AZ2020 resist showed better robustness for the lift-off process. Beware of the need to use 
AZ726 MIF developer containing TMAH, which is very toxic. 
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B.2.1. ICP-RIE Processes 
For SAG mesa block etching by ICP-RIE, the critical requirements are surface smoothness and 
low etch rates allowing for good control over the etch depth. In spite of the following wet etching 
step, damaging ICP-RIE can lead to deterioration of the stop layer and process failure. For ridge 
waveguide etching it is important to achieve high anisotropy and smooth sidewalls. The process 
optimization was carried out within the FLASH project on SPTS ICP-RIE etcher (Inductively 
Coupled Plasma) equipped with a variety of process gases. The platen temperature is limited 
by 180°C, although better results on chlorine-based InP etching are typically reported at temperatures 
of 200°C and higher due to the low volatility of InCl3 etch product. As a result, “grassy” surface 
morphology was often observed.  
Process “J” – used for SAG etching: 
 HBr/CH4/Ar 10/5/2 sccm, 1 mTorr, 600 W ICP, 50 W RF, 180°C  
 Etch rate (InP): ~ 200 nm/min; etch rate (SiO2): ~ 16 nm/min 
 Mirror-like surface 
 An undercut profile and slight “grassy” sidewall roughness, pronounced under the mask, 
which could be due to continuing lateral etching during the process with the effect of micro-
masking.    
 
Figure B.1: SEM image of InP test structure etched with HBr/CH4/Ar gas mixture. 
Process “D”: 
 Cl2/CH4/Ar 10/7/2 sccm, 1 mTorr, 600 W ICP, 50 W RF, 180°C  
 Etch rate (InP): ~ 200 nm/min; etch rate (SiO2): ~ 40 nm/min 
 Sidewall angle is close to 90° 
 Strong micro-masking effect (“grassy” surface) as a result of the low volatility of InClx as a 
reaction product 
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Figure B.2: SEM image of InP/AlGaInAsP test structure etched with Cl2/CH4/Ar gas mixture. 
The sidewalls roughness was significantly improved compare to the result presented in Figure 4.24 
(b), where the original SPTS chlorine-based etching process was used:  
 ICP-RIE Cl2/Ar/N2 20/10/40 sccm, 2 mTorr, 500 W ICP, 100 W RF, 180°C 
 Etch rate (InP): ~ 500 nm/min; etch rate (SiO2): ~ 35 nm/min 
 Sidewall angle is 86 - 87° 
B.2.2. Electroplating 
If thick metal layers are required, e.g. to fabricate contact pads when BCB planarization is non-
uniform for wide and narrow ridge waveguides, metal evaporation can be not feasible due to the 
limited holding capacity. In this case, an electroplating process can be considering. The results of the 
test process, described below, showed material spread-out within a separation gap only (Fig. 2) and 
contact interlocking. An improvement can be made in large part by optimizing the lithography step.   
  
Figure B.3: Microphotographs of metal pads separated by 9 µm gap (a) after electroplating and 
(b) after lift-off and seed metal etching. 
 
(a) (b) 
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Electroplating of top side (p-type) metals 
Seed metal evaporation 
Photoresist coating 
 
UV exposure 
Development 
SiO2 deposition on the back 
side (~ 200 nm) 
Resist descum 
Electroplating 
Lift-off 
 
Seed metal etching 
Ti/Pd/Au 50/50/50 nm  
AZ4562 spinning 4000 rpm, 4000rpm/s – 30 s (~ 7.5); 
Softbake 100°C – 50 s; air – 10 min 
Vacuum mode, 5 mW/cm2 – 120 s 
AZ351B:DI-water (1:5 VP)  – 5 min; DI-water – 1 min; N2 blow dry 
PECVD SiH4/N2O/N2 12/1420/392 sccm, 550 mTorr, 100 W, 300 
o
C. 
Deposition rate: ~ 90 nm/min 
O2 plasma ashing 0.2 mbar, 40 W - 1 min 
Au ~ 7.5 µm (done at IPU's technology development) 
Remover 1165 at 65°C – ~ 30 min; acetone – rinse;  isopropanol – 1 
min; N2 blow dry 
Pd/Au etching: 300g KI (solid):75g I2 (solid):1500mL H2O – 10 s; DI-
water – 1 min; N2 blow dry 
Ti etching: BHF – 1 min; DI-water – 1 min; N2 blow dry (removes also 
SiO2 from the back side) 
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 List of Abbreviations 
ABL  Asymmetric Barrier Layer  
AC  Autocorrelation 
AlQ(λ)  Algainas Lattice-Matched to InP with a Bandgap of (λ) µm 
AR Auger Recombination 
AR coating   Anti-Reﬂection coating 
ASE  Ampliﬁed Stimulated Emission 
BCB  Benzocyclobutene 
BER  Bit Error Rate 
BHF  Buffered HF 
BJR  Butt-Joint Regrowth 
CC scattering Carrier-Carrier scattering 
CH  Carrier Heating 
CPM  Colliding Pulse Mode-Locking 
c-QW  Conventional QW  
CR  Clock Recovery 
CW  Continuous Wave 
DBR  Distributed Bragg Reflector 
DCF  Dispersion Compensating Fiber 
DOS  Density of State 
EAM  Electro-Absorption Modulator 
EDFA  Erbium Doped Fiber Amplifier 
EDS  Energy Dispersive X-Ray Spectroscopy   
ES  Excited State 
ESA  Electrical Spectrum Analyzer 
FCA  Free-Carrier Absorption 
FFT  Fast Fourier Transform  
FP laser Fabry-Perot Laser 
FROG  Frequency Resolved Optical Gating 
FWHM  Full Width At Half Maximum 
GDD  Group Delay Dispersion  
GRE  Growth Rate Enhancement 
GS  Ground State  
HH  Heavy Holes 
HR coating  High-Reflection coating 
ICP-RIE  Inductively Coupled Plasma Reactive Ion Etching 
IVBA  Intervalence Band Absorption 
LH  Light Holes 
L-I-V-T  Light (Power) vs. Current vs. Voltage vs. Temperature Characteristics  
ML  Monolayer 
MLL  Mode-Locked Laser 
MORIE  Metal-Organic Reactive Ion Etching 
MOVPE  Metal-Organic Vapor Phase Epitaxy 
MQW  Multiple Quantum Wells 
OCDMA  Optical Code Division Multiple Access 
OFDM  Orthogonal Frequency Division Multiplexing 
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OSA  Optical Spectrum Analyzer 
OTDM  Optical Time Division Multiplexing 
PECVD  Chemical Vapor Phase Deposition 
PL  Photoluminescence 
PQ(λ)  Ingaasp Lattice-Matched to InP With a Bandgap of (λ) µm 
PTER  Pulse Tail Extinction Ratio 
QCSE  Quantum-Confined Stark Effect 
QDs Quantum Dots 
QDashs Quantum Dashs 
QPSK  Quadrature Phase Shift Keying 
QW   Quantum Well 
RF  Radio Frequency 
RIE  Reactive Ion Etching 
RIN  Relative Intensity Noise 
RMS  Root Mean Square 
RT  Room Temperature 
SA  Saturable Absorber 
SAG  Selective Area Growth  
SCH  Separate Confinement Heterostructure 
SCM  Segmented Contact Method 
SEM  Scanning Electron Microscopy 
SHB  Spectral Hole Burning 
SHG  Second Harmonic Generation 
SK  Stranski-Krastanov 
SMF  Single Mode Fiber 
SOA  Semiconductor Optical Amplifier 
SPM  Self-Phase Modulation 
SQW  Single Quantum Well 
SSB  Single Side Band 
STEM  Scanning Transmission Electron Microscopy 
TBP  Time-Bandwidth Product 
TC Temperature Controller  
TE/TM Transverse Electric/Magnetic (Field) 
TPA  Two-Photon Absorption 
UTC absorber Uni-Traveling Carrier absorber 
UV  Ultraviolet 
VCSEL  Vertical Cavity Surface-Emitting Laser  
VPD  Vapor Phase Diffusion  
WDM  Wavelength Division Multiplexing 
WG  Waveguide 
WL  Wetting Layer 
XRD  X-Ray Diffraction 
 
